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Abstract
This thesis begins the development of a tool that will enable direct measurement of the
unsteady aerodynamic response of a transonic compressor for use in flutter identification.
The experimental apparatus, named the Active Rotor, will have active blades with individ-
ual motion control. The Active Rotor Blades, proposed in this work, uses a spar-and-shell
concept which consists of a flexible outer foam shell, structural spars, and piezoelectric
actuators. The graphite epoxy spars both carry the load of the blade and induce shape
changes of the blade from attached piezoelectric actuators. Control of a blade shape and
position to the airflow allows new experiments to be performed in the area of flutter and
unsteady aerodynamics.
A design study was performed to choose several of the material and geometrical proper-
ties of the Active Rotor Blade. A NASTRAN/PATRAN finite element model was developed
with these design parameters to calculate the stresses in the composite spars, the level of
tip rotation available from piezoelectric actuation, and the strains seen by the piezoceramic
under full centrifugal loads. The spar stresses and available actuation were within required
ranges, but the strain predictions on the piezoceramics were near the ultimate. The com-
posite spar modeling and piezoelectric actuation modeling were verified with experimental
results.
The piezoceramics were protected from large tensile strains by bonding to the composite
with a compressive prestrain. Experiments on the bond layer characterized its strength and
ability to hold the desired precompression. Testing identified piezoelectric actuation under
loads specific to the Active Rotor Blade: compression, release of compression, and tension.
The piezoceramics were bonded to different composite layups with different Poisson's ratios
to assess the effect of biaxial stress states. Results indicate that the biaxial stresses have a
larger influence on actuation than the precompression. The piezoceramic was not observed
to lose structural integrity or show a large loss in actuation when pulled significantly beyond
its failure strain. The increased strength is attributed to the packaging designed for the
Active Rotor.
Thesis Supervisor: Professor Carlos E. S. Cesnik
Title: Assistant Professor of Aeronautics and Astronautics
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Chapter 1
Introduction
1.1 Motivation
Unwanted vibrations have plagued the users and designers of jet engines throughout its
history. At low levels, blade vibrations lowers the performance and reduces engine life, and
at high levels, vibrations can destroy the engine and jeopardize the safety of the crew and
passengers. The vibrations important to jet engines can be classified into two categories:
forced vibration and flutter. Forced vibration occurs when a blade experiences a force
at or near one of its natural frequencies. In general, forced vibration is better understood,
predictable, and can be included in the design of the engine. In contrast, flutter, perhaps the
more serious of the two vibrations, is inadequately predicted. Flutter is a self excited fluid-
structure interaction in which the air flow supplies energy to the blade. It is an instability
where the resulting motion of the blades influences the aerodynamic forces, which in turn
impart more energy to the blades causing sustained levels of unacceptable vibrations.
A cut-away diagram of an engine (Figure 1-1) shows the many types of rotating com-
ponents found throughout a typical engine. The blades have a variety of shapes and sizes
designed to accomplish different tasks, and the relatively high aspect ratio and high loading
of the fan and high speed compressor make these blades susceptible to flutter problems.
A compressor map (Figure 1-2) represents the pressure ratio versus the mass flow
through the engine and is a convenient method for displaying the regions of flutter. Several
regions have been named due to trends noticed during testing, but the boundaries of these
regions can be misleading and are continually being revised. The current lack of under-
standing and predictive capability of flutter is illustrated by the Boeing 737-400 crash that
Figure 1-1: Cut-away view of a PW4000 engine
occurred in January 1989. Fan flutter was determined to be the cause of the crash [39].
The engine on the Boeing 737-400 was just a higher thrust version of the one used in the
Boeing 737-300, obtained by increasing the rotational speed of the fan by between 2 and
3%. Because this increase was seen as a small change, the Federal Aviation Administration
approved a ground certification test instead of the more complete and expensive in-flight
test. The ground test differed from the in-flight test by using a larger bypass nozzle to
better dissipate the temperatures found at sea level.
The effect of the increased nozzle is illustrated by Cumpsty [15] for a typical fan' in
Figure 1-3. The top diagonal line is the design working line, and the bottom diagonal line is
the measured working line found at the ground test. The curves with circles are measured
lines of constant rotational speed. Cumpsty included a proposed 103% line as well as the
shaded regions which estimate the flutter boundaries, based on typical compressor maps
(e.g. Figure 1-2). Because the larger nozzle of the ground test reduces the pressure ratio,
the measured working line at 103 % is clear of flutter, while the actual working line crosses
into the flutter boundary. Due to the level of damage at the January 1989 crash, the cause
was not definitive; it took two more failures on identical engines (no crashes resulted because
of pilot action), and in-flight testing to determine that the engine had flutter problems.
'The compressor map is for an actual fan, but not for the particular one involved in the crash.
--''-surge/stall line
subsonic stall f utter /operating line
supersonic/ -unstalled
flutter
choke flutter 100% design
50% 75% corrected speed
Mass Flow
Figure 1-2: Typical operating map of a transonic compressor indicating observed regions of flut-
ter. Adapted from [32].
The mechanisms of flutter are not well understood. Beyond the obvious lack of predic-
tive capability, this absence of understanding extends into the design phase of an engine.
Without appropriate knowledge of flutter, there are no adequate ways of designing around
it. An engine must undergo extensive testing, and when flutter problems are found, a series
of corrections must be made. Unfortunately, since the causes are elusive, these corrections
can deal only with the symptoms and have always added penalties to the engine perfor-
mance. Part-span shrouds (Figure 1-4) can be included so a vibrating blade shroud rubs
against its neighbor's shroud, increases its damping, and helps to reduce vibration. The
shrouds, however, interfere with the air flow through the stage and introduce unnecessary
flow perturbations. Hollow blades have a higher natural frequency compared to similar solid
blades and have been observed to postpone flutter without altering flow properties. Their
high manufacturing cost keeps this a difficult option. Other options, such as reducing rota-
tional speed, or adding blade thickness also help to postpone flutter but come at a cost to
the performance of the engine. A better understanding of flutter is needed to find possible
ways of addressing flutter without the associated penalties and to identify the gaps in the
current state of knowledge, such as those that lead to the January 1989 crash.
2.0 103
o Design Speed 1000% "tal"
1.8utter
90%,S1.6- Surge Line
1.4-80% .
1.2 - "Choke"
Flutter
1,0
0.5 0.6 0.7 0.8 0.9 1.0
ri I tih Design
Figure 1-3: Compressor map illustrating a ground certification test that failed to reproduce flut-
ter conditions. The flutter regions and working lines were estimated by Cumpsty
[15].
1.2 Background
Two modeling approaches, empirical, and physical, which is further divided into numerical
and analytical, are introduced and their approaches are briefly discussed.
Empirical models are a mathematical fit to arbitrary parameters and have very limited
predictive power [3]. The standard in industry today is to use empirical models. Ignoring
the underlying mechanisms of flutter and finding problems by experimental testing is a quick
way of determining if a particular engine under a particular set of operating parameters will
flutter. However, testing the parameter space (including pressure, temperature, corrected
speed, and weight flow) is impractical and the resulting compressor maps do not fully
represent all relevant parameters, leading to distrust of such measures [26].
Physical models are based upon physical phenomenon and thus contain reliable predic-
tive power. Clearly, physical models are superior to empirical models, but they come at
a price. Gaining a fundamental understanding of the mechanisms that lead to flutter is a
difficult task, in part due to the complexity of flutter and in part due to the hostile envi-
ronment that makes experimental measurements difficult. Two types of physical models,
numerical and analytical each have benefits and drawbacks.
I
Figure 1-4: A 1960's fan blade with a part-span shroud
Numerical methods start from first principles and can estimate very complex equations
with computer algorithms. Yet the current computer capability is not able to solve what
appears to be required for flutter; an unsteady, three-dimensional, transonic, viscous fluid
flow [15]. Further, the method of interaction between the fluid dynamic algorithms and the
structural dynamic algorithms is still under research [36]. However, computer progress is
fast paced and significant advances are expected in the near future.
Even with the increasing power of computer modeling, analytical models still play an
important role in engine design. Framing the problem in terms of basic elastic, aerodynamic,
and stability theories provides insight not easily found in complex numerical models. An-
alytical models attempt to capture dominant physical processes at the exclusion of less
important ones to result in a relatively small model. Having a few number of states has the
benefit of quickly predicting physical trends and enabling the design of control laws.
Successful analytical models of compressor systems have already been developed for en-
gine instabilities other than flutter, namely surge and rotating stall [31]. As is the case
with all physical models, the cornerstone of development is a large database of information,
which naturally depends on experimental tools. Thus it is not surprising that the devel-
opment and demonstration of surge and rotating stall models has typically been for low
speed compressors [35, 16] where actuators are easily obtained. The investigation of a high
speed compressor requires the use of a high speed actuator, which is not readily available.
A group at MIT, however, developed a high speed jet injection actuator to measure the
dynamics of surge and rotating stall in transonic compressors. Based on the data obtained
from the jet injector, a model was developed, a control law implemented, and significant
range extension and active stabilization of the compressor characteristic was demonstrated
[40].
Although the focus was strictly on fluid dynamical behavior, it is an easy extension to
make to the more complicated flutter situation where the actuator, instead of a jet injector,
is one that is capable of identifying the fluid-structure interactions that define flutter. Such
a device is not a new idea. In 1972, Dr. Sisto [18] proposed: "I would like to make a very
strong plea for... a rotor, that is specifically designed for flutter research with due attention
given to the necessity for instrumentation and the need to change geometry easily and
quickly." Unfortunately, as critical as experimental measurement is to model development,
time has not seen this task complete. Today, just as twenty seven years ago, there is scarcely
any available flutter data. In 1997, Dr. Srinivasan commented on the flutter literature as
having "a conspicuous lack of experimental data" [38].
The absence of experimental data is not because there are more interesting problems
to be studied. On the contrary, turbomachinary flutter has received a lot of attention over
the past years. The difficulty lies in the hostile environment. Measuring an instability has
inherent problems. How does one stop or control the blades once they start fluttering? Mea-
suring the fluid and structural dynamic behavior around a 30 bladed rotor spinning upwards
of 16,000 RPM, doing it unobtrusively, controlling the perturbation, and keeping the flut-
tering blades from destroying themselves and the test rig has confounded experimentalists
for more than two and a half decades.
1.3 Scope of Thesis
This thesis begins the development of a tool that will enable direct measurement of the un-
steady aerodynamic response of a transonic compressor. After introducing the experimental
tool, this thesis will investigate several manufacturing issues and focus on attachment, pro-
tection, and finite element model development of piezoelectric actuators.
Chapter 2 introduces the experimental apparatus, named the Active Rotor, and the
spar and shell concept. The three components of the Active Rotor Blade are discussed: the
composite spars, the foam shell, and the piezoelectric actuators. The outer blade shape is
matched to an existing titanium blade, and the material and geometry choices are made for
the Active Rotor Blade components, based on centrifugal loading. A finite element model
(FEM) of the Active Rotor was used to predict the stresses in the composite spar due to
centrifugal loads, the blade tip deflection available from the piezoelectric actuators, and
the strain levels on the piezoelectric actuators. The NASTRAN/PATRAN Active Rotor
model was assembled from coordinates of the GE scaled Fan C blade. Composite spars with
piezoceramics were included in the model and the outer shell was given foam properties.
The goal of the FEM is to assess the validity of the Active Rotor and was not at this time
used to optimize the design.
Chapter 3 assesses two options for piezoelectric actuator protection against the high
strain levels predicted by the finite element model. Embedding the piezoceramics within
the composite plies will result in residual thermal strains after the cure process is complete.
Classical Laminated Plate Theory (CLPT) is presented and used to predict the residual
strains for different composite fiber orientations in an attempt to reach a desired level
of precompression on the piezoceramic. The strength resulting from these different fiber
orientations of the composite spars was assessed based on the predicted loading found in
the FEM. The second method of protection of piezoceramics is to bond the piezoceramics
to the surface of the composite spars while under compression. Release of the compression
results in the bond layer holding the compression. An elastic-perfectly plastic shear lag
analysis was used to predict the failure strain of the bond layer under centrifugal loads.
Chapter 4 describes the manufacturing technique developed for surface bonding piezo-
ceramics to the composite spars. Before bonding, electrical leads to the piezoceramics were
developed to satisfy the requirements of the Active Rotor. The piezoceramics were char-
acterized before and after the compressed surface bond, and the actuation change as a
function of both piezoelectrically-induced strain and externally applied mechanical stress
was measured and discussed.
Chapter 5 presents the experimental results for the coupon tests. The four experimental
tests, creep of the bond layer holding the compression on the piezoceramic, the tensile
test, the benchtop actuation, and the actuation during tensile loading, were performed to
characterize the bond layer, the piezoelectric actuators, and provide data for the finite
element model development.
Chapter 6 builds and verifies NASTRAN/PATRAN models of the frequency response
experiment. Since no convenient element was able to model both the composite material
and the thick dimensions, each ply was modeled with solid elements. Composite proper-
ties include epoxy layer thickness effects and the piezoelectric actuation were obtained for
nonlinear values of d3 1 . The FE model transfer functions were compared to data.
Chapter 7 concludes with comments on the development of the Active Rotor and pro-
posed future work.
Chapter 2
Active Rotor Design
2.1 Requirements
In order to build a useful experimental database of flutter information, two criterion have
been identified. Each blade of a high speed compressor rotor must be individually actuated
and each blade must have available one degree of actuated tip rotation over a large range
of frequencies (up to 1000Hz). This will command a significant change in the flow pattern,
thus acting as an aerodynamic perturbation, and allow parameters such as interblade phase
angle, damping, vibration amplitude, and others to be investigated.
graphite composite
spars / piezoelectric
actuators
foam shell
Section of Active Blade
Figure 2-1: Active rotor blade
2.2 Active Rotor Concept
The proposed experimental tool, termed the Active Rotor, is a controllable flexible structure
that simulates compressor blades. By changing the shape of the blades in a rotating envi-
ronment, many aerodynamic properties can be investigated that have not been adequately
studied. However, the piezoelectric actuators lack the power to deform a typical titanium
compressor blade, and a spar and shell concept was adopted. See Figure 2-1. The Active
Rotor consists of three parts. The outer foam shell keeps an aerodynamic surface with a low
torsional stiffness. The composite spars support the blade under the large centrifugal loads
and are actuated in bending by the piezoelectric actuators. If the spars are actuated in
bending in the same direction, the blade will bend. If the spars are actuated in bending in
opposite directions, the blade will twist. See Figure 2-2. Note that the Active Rotor Blade
is not intended to be a prototype industrial blade, but it is an invaluable demonstration,
diagnostic, and system identification tool.
// Root / Root
Tip Rotation
Tip Deflection
(a) Bending Actuation (b) Torsion Actuation
Figure 2-2: Active rotor blade actuation. Outer foam shell not shown.
The geometry of the Active Rotor was designed to match an industrial titanium blade.
The GE scaled Fan C blade was chosen because it has flutter problems that are worth
investigating and has undergone extensive mechanical and aerodynamic testing1 . Several
basic rotor properties are given in Table 2.1. Additional information can be found in [13].
As an example of a study that could be conducted with the Active Rotor, consider the
following flutter situation. The GE scaled Fan C blade has a torsional flutter problem at
'The Fan C was scaled down during testing in reference [13], and has properties similar to a compressor
blade. Thus the Active Rotor, although modeled after a scaled fan blade, may be referred to as a compressor
blade.
Table 2.1: GE scaled Fan C characteristics
Corrected rotor tip speed
Inlet hub-tip radius ratio inlet
Rotor inlet tip diameter
Rotor blade length
Corrected airflow
Bypass Ratio
Bypass stream total-pressure ratio
Rotor aspect ratio
Rotor solidity, tip
Rotor solidity, hub
Number of rotor blades
Rotor tip diffusion factor
Design relative tip Mach number
Design speed, rpm
472.4 m (1550 ft
0.36
53.80 cm (21.18 in)
.189 m (7.44 in)
40.74 kg (89.81 lbm)sec sec
5.0
1.60
2.09
1.40
2.45
26
.325
1.52
16597
Bending flutter mode (320-335 Hz) 60-70% speed
Torsion flutter mode (900 Hz) 90-95% speed
90% speed. The Active Rotor will be set to 90% speed, and since the geometry of the
Active Rotor is designed to match the geometry of the GE scaled Fan C, the aerodynamics
will be matched. The Active Rotor can be actuated to simulate the GE scaled Fan C
blade's fluttering motion (a 900Hz vibration) and resulting aerodynamic properties can
be measured. The utility of the Active Rotor comes in testing the influence of many
different parameters around the fluttering regime, data which have been historically difficult
to measure.
An important use of the Active Rotor relies on its ability to reproduce the flow field
of an existing blade, such as the GE scaled Fan C. The geometry of the two blades must
match under a range of centrifugal loads and operating conditions. It is expected that there
will be geometry mismatches between the Active Rotor and the scaled GE Fan C blade,
such as differences in untwist or uncamber, either due to the inhomogeneity of the Active
Rotor for static loading, or stiffness mismatches for ranging over different operating speeds.
The unloaded Active Rotor shape can be adjusted to account for many of these effects,
but ultimately the flow sensitivities to geometrical mismatches must be evaluated by an
aerodynamic model. This is beyond the scope of this thesis and will be addressed in future
work.
I
2.3 Material and Geometry Choices
This section investigates the material and geometrical choices for the composite spars, the
foam shell, and the piezoelectric actuators. A simplified straight spar model is used to
determine several spar choices.
2.3.1 Spar Study
The undetermined geometrical variables of the Active Rotor Blade include the spacing
between the spars, the width, the width taper, the thickness, the thickness taper, and the
orientation along the blade. Several parameters were chosen for convenience. The spacing
between spars was set to 30mm and the width was set to a uniform 9mm to eliminate the
need for cambered spars (wider spars must be cambered to fit within the blade dimensions
for a 30mm spacing). To further simplify the manufacturing the width is chosen without
taper.
r
axis of rotation
Figure 2-3: Spar model for sensitivity studies. The foam is not included in picture, only a single
spar and its two piezoelectric actuators are shown.
Simplified Spar Model
The maximum stress of a single spar (complete with piezoceramics and an appropriate foam
shell) was calculated to determine the spar material type, spar thickness and thickness taper,
and spar orientation. A straight spar model with a 50 skew angle (3 = 50) to the rotational
axis (Figure 2-3) was used to estimate the stresses of the final curved and twisted spar
under purely centrifugal loads. The skew angle increases the stress of the straight blade
to approximate that of the actual blade. The centifugal force on the composite root is the
sum of the centrifugal forces due to the spar, the foam, and the piezoceramics.
ro+L ro+L ro+Lp
F= f pcAcw 2 rcos() dr+ / pfAfw2rcos(/3)dr+ J ppApw2 rcos(3) dr
ro ro ro (2.1)
where p is density, A is cross sectional area, w is the rotation speed, L is the spar length,
Lp is the piezoceramic length, ro is the hub radius, r is the distance from the center of
the hub, / is the skew angle, and the subscripts c, f, and p refer to composite, foam, and
piezoceramic, respectively.
The stress field at the root of the spar model is a combination of the axial and shear
stresses.
F cos(,3) McS= --+ (2.2)A I
3FC sin(/3)
T = (2.3)2A
where c is the maximum distance from the neutral axis, I is the area moment of inertia,
C is the correction factor for flattened rectangular beams [5], and M is the integral of the
shear force over the entire beam length,
ro+L
M= J F sin(3) dr (2.4)
ro
Failure of the spar was determined by the Maximum-Distortion-Energy Criterion, which
combines multi-dimensional loadings (in this case axial and shear) to obtain a single value,
the von Mises stress, that can be directly compared to the failure stress of the material. See
Equation 2.5. Failure occurs when the von Mises stress is above the failure stress 2 of the
material.
OvonMises = 2 + 3T 2  (2.5)
2The failure stress is chosen as the yield stress for aluminum, titanium, and steel and as the ultimate
stress for graphite-epoxy.
where vonMzses is the von Mises stress, a is the axial stress, and T is the shear stress.
Preliminary spar study
A preliminary study of a baseline compressor blade is presented. The results are similar
to the GE Fan C blade and the trends are valid, although the specific values are different
than those presented in Table 2.1. The hub radius ro is 96 mm, the rotational speed w is
16000 RPM, the spar length L is 161 mm, and the piezoceramic length L is 80 mm. Other
inputs are shown in Table 2.2. The complex foam shape was replaced with a volumetric
equivalent rectangle to simplify the integrals. The composite properties are smeared and
taken to be isotropic.
Table 2.2: Some material and geometrical values for simplified blade model. Values in parentheses
are the default values when other variables are being investigated.
density, - length, mm width, mm thickness, mm taper
Spar varies (1580) 161 9 varies (6) varies (yes)
Foam Shell 380 161 90 8 yes
Piezoceramic 7700 80 9 1 no
Spar Material
Figure 2-4 shows the stress ratio, 'yonm.ses for different materials; graphite-epoxy, titanium,O-y
aluminum, and steel. Failure occurs for ratios above one. The only material that survives
the centrifugal loading is a graphite-epoxy composite, which is predicted to withstand twice
the predicted stress. Titanium is just above failure and aluminum experiences a stress at
1.7 times its yield stress. Typical engine compressor blades are manufactured with either
aluminum or titanium. However, the Active Rotor design concentrates all of the loading on
the spars and these standard materials will not withstand the centrifugal stresses. Graphite-
epoxy AS4/3506-1 composite was chosen as the spar material and will be used in the
following analysis. Properties are given in Table 2.8.
Spar Thickness and Thickness Taper Ratio
Varying the thickness taper ratio and root thickness was performed by letting the area,
A, and the area moment of inertia, I, in Equation 2.1 vary along the spar length. Linear
Table 2.3: Material inputs for simplified spar model. The
for equivalent isotropic properties.
composite failure strength was found
4
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Figure 2-4: Spar material selection
tapers, although not the optimum taper for a rotating environment, were chosen for ease in
manufacturing. Figure 2-5 shows that the lowest stress occurs at the largest root thickness
and for the largest linear taper ratio (full taper has a zero thickness at the tip). The spar
root thickness is therefore designed to be as thick as possible while accommodating the two
piezoceramics and fitting within the blade dimensions. It is also chosen with a full linear
taper.
Spar Orientation
The orientation of the spars within the foam is evaluated by changing the skew angles in
the width and thickness directions (done by switching the thickness and width dimensions).
Figure 2-6 shows that a large skew angle in the thickness direction does not cause an
appreciable increase in the stress state. This is fortunate because the thickness direction is
highly confined by the blade geometry. However, a large skew angle in the width direction
can cause a dramatic increase in stresses, well beyond failure. Thus the spars are oriented
to angle straight out from the axis of rotation. They are not parallel to the blade sides.
density, failure strength, MPa
Composite 1524 900
Titanium 4730 900
Aluminum 2700 400
Steel 7860 480
Root thickness = 3mm
Legend: - - Root thickness = 4.5mm
Root thickness = 6mm
F- ul -taper N taper.
. . . . . . . . . . . .
F -- p--- er No tape
Full taper Notaper
0 0.2 0.4
Taper Ratio,
0.6 0.8
tip thickness
root thickness
Figure 2-5: Spar Thickness and Thickness Taper Selection
2.3.2 Foam Shell
The foam shell of the Active Rotor provides a smooth aerodynamic surface while keeping a
low stiffness for high levels of actuation. A range of foams are commercially available, with
many different properties and manufacturing techniques. See Table 2.4. Rohacell 200F was
chosen because of its lowdensity, low stiffness, highs.trejgth, and ability to be thermoformed
into complex shapes. From experimental testing, thermoforming has produced smooth outer
surfaces of complex shapes, but several manufacturing issues are still under development
and the foam shell will not be further discussed in this thesis.
Table 2.4: Typical selected foam properties with forming techniques
density, - E, GPa Strength, MPa manufacture
Rohacell 200WF 205 .35 6.8 thermoform
Polystrene 1051 3.24 39.3 machining
PVC 1392 .30 49.0 machining
2.3.3 Piezoelectric Actuators
There are many solid state actuators available commercially, as shown in Table 2.5. Piezo-
electric ceramics are perhaps the most widely used material for actuators, due in part to
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Figure 2-6: Spar orientation selection
their high energy densities, large bandwidth, high temperature stability, ease of applica-
tion, and ease of use through applied voltage [19, 6]. Piezoelectric ceramics were chosen
as actuators for the Active Rotor because they operate over a large frequency range and
can be attached to individual blades. Other actuators considered are less suited for this
application.
A useful metric for comparison of different solid state actuators is the Actuation Energy
Density ( ), which is a measure of the maximum amount of work available normalized by
the density. The Actuation Energy Density for piezoelectric ceramics, although high for a
solid state material, is still too low to actuate a typical titanium compressor blade and is the
reason the spar-and-shell concept was adopted. However, the need for high power actuators
is not reduced, and the piezo film, PVDF, and the magnetostrictor, Terfenol D, can be elim-
inated from consideration due to their low actuation energy densities. Electrostrictors are a
possible choice, even with a slightly lower energy density, but their material nonlinearities
and temperature sensitivities have typically limited their uses to quasi-static applications
[19]. Although the shape memory alloy, Nitinol, has an energy density 37 to 600 times
higher than piezoceramics, its bandwidth is too low to meet the 1000 Hz requirement and
is not an appropriate actuator.
Within the category of piezoelectric ceramics, several different types are available. The
two basic piezoceramic types are soft (PZT-5H, PZT-5A) and hard (PZT-4, PZT-8), adopt-
ing the naming convention used by Morgan-Matroc Inc. The soft piezoceramics are charac-
Table 2.5: Comparison of solid state actuation materials (modified from [6])
terized by high domain mobility, ease of repoling, lower coercive field, easier depolarization
due to stress or electric field, higher hysteresis, and higher nonlinearities. The harder piezo-
ceramics are more difficult to repole, exhibit a high coercive field, perform well under high
stress, have low hysteresis, and low actuation [6, 19]. Structural actuation usually requires
the high levels of actuation of soft piezoceramics, while the harder piezoceramics are re-
served for high power and high stress applications. PZT-5A was chosen as the actuator
material for the Active Rotor because it is "harder" than PZT-5H, and consequently per-
forms better under stress, but retains the large actuation properties available from soft
piezoceramics. A brief materials discussion is useful for understanding piezoelectric effects,
and are discussed more fully in the manufacturing section, Chapter 4.
A piezoelectric material is an electromechanical transducer. Mechanical pressure results
in an electrical surface charge proportional to the stress. Conversely, an applied electric field
results in a mechanical contraction or expansion of the material. The mechanism of the
piezoelectric effect is best described at a molecular level. In ferroelectrics, a particular type
of piezoelectric material, the asymmetric Perovskite crystal structure can be conditioned to
respond to electric fields. A large electric field applied across the material aligns the crystal
domains in a preferred direction, creating a permanant net polarization. Poled material
domains respond to small electric fields and expand and contract, as shown in Figures
PZT 5H PVDF PMN Terfenol D Nitinol
Actuation Mecha- piezo- piezo film electro- magneto- shape mem-
nism ceramic strictor strictor ory alloy
Max Strain 0.13% 0.07% 0.1% 0.2% 2-8%
Modulus (GPa) 60.6 2 64.5 29.7 28m, 90 a
Density (N) 7500 1780 7800 9250 7100
Actuation Energy 6.83 .28 4.13 6.42 252-4032
Density ( )
Hysteresis 10 >10 >1 2 high
Temp Range -20 to low 0 to 40C high
200C
Bandwidth 100kHz 100kHz 100kHz <10kHz <5 Hz
Brittleness, KIc, 1.4 polymer 0.9 - metal
MPa S/ji
2-7(a), 2-7(c).
Voltage / \ V Voltage
SElectric Dipoles
(a) Transverse Extension (b) Zero Strain (c) Transverse Contraction
Figure 2-7: Piezoelectric effect by domain movement of a poled ferrolelectric material
There are two drawbacks to the use of piezoelectric materials in large g-fields. Since
PZT (lead-zirconate-titanate) is lead based, its density is relatively high (on the order of
steel), and consequently, the centrifugal loads will be high, which are supported by the
spars. Secondly, the brittleness of the piezoceramics may fracture under large strain states.
Both of these drawbacks drive several aspects of the Active Rotor.
2.3.4 Active Rotor Blade Component Dimensions
The utility of the Active Rotor relies on using identical geometry and operating conditions
of a realistic industry blade. Coordinate geometry was obtained from the GE scaled Fan C
blade [13] and with several characteristics presented in Table 2.1. Applying the trends of the
preliminary spar study to the specific dimensions of the GE Fan C blade, the spar geometry
is linearly tapered, has a root cross section of 9mm x 3mm, a tip cross section of 9mm x
.5mm, and a length of 177mm. The fiber angles were chosen to ±200 to add robustness
to the spars and are later confirmed to be within strength specifications (Section 3.2.3).
The piezoelectric actuator dimensions were chosen to be 36.3mm x 9mm x .254mm. The
width dimension matches the composite spar width, the thickness is the smallest commercial
stock thickness available, and the length is chosen to be near a of the length and is further
specified by convenient manufacturing dimensions.
The complicated shape and response of the Active Rotor makes analytical solutions
difficult. A finite element model was developed to assess the feasibility of the Active Rotor
with the above dimensions. The next section presents the model and the results.
2.4 Finite Element Modeling
2.4.1 Modeling Approach
A finite element model in NASTRAN/PATRAN was developed to assess the concept of
the Active Rotor. Three requirements need to be satisfied: the stresses in the composite
spars must be below failure, the available twist must be near one degree of tip rotation
over a large range of frequencies of forced vibrations, and the piezoelectric actuators must
withstand the induced strains.
The purpose of this finite element model is to provide a flexible way to help design and
analyze the structural configuration for the Active Rotor. Optimization is not a goal at this
stage, but rather the assurance that the above requirements are satisfied.
2.4.2 Model Inputs
Geometry, Elements, and Material
Basic spar geometry was designed in Section 2.3.1 and is skewed, linearly tapered, and has
a root cross section of 9mm x 3mm, a tip cross section of 9mm x .5mm, and a length of
177mm. The piezoelectric actuator dimensions were chosen to be 9mm x .254mm and a
length of 36.3 mm.
Standard elements in NASTRAN/PATRAN were used to model the different parts of
the Active Rotor Blade. Plate elements (CQUAD4) were used for both the composite
spars and the piezoceramics and solid elements (CHEXA) were used for the foam. The
piezoceramics and composite spars used coincident nodes with an offset defined for the
piezoceramic elements. Rigid bars (RBE2) connect the composite nodes and the foam
nodes.
The piezoceramic and the foam materials are considered isotropic (MAT1) with prop-
erties shown in Tables 2.6 and 2.7. PATRAN allows composite materials (PCOMP) to be
built from 2D orthotropic ply layers with ply thickness and ply orientation. Graphite-epoxy
ply properties are shown in Table 2.8 and the layup dropped plies linearly from [+20]6sym
at the spar root to [L20]sym at the the spar tip.
The complete model, the spars, and the piezoceramics are shown in Figure 2-8.
Table 2.6: Piezoelectric properties obtained from Morgan Matroc
E (GPa) G (GPa) v density ()
PZT-5A 61 23 .31 7700
Table 2.7: Foam properties obtained from Rohacell
E (GPa) G (GPa) v density ( -)
200 WF .38 .085 1.2 200
Loading, Boundary Conditions, Piezoelectric Actuation
Only centrifugal loading was included at this stage of modeling, as the aerodynamic loading
was considered to be small in comparison. For an appreciation of the high centrifugal
loading, the maximum operating condition of 16,000 RPM results in a 35,000 g-field on the
blade root. The boundary condition of the root was fixed.
The piezoelectric actuation was accomplished in the NASTRAN/PATRAN model by
taking advantage of the analogy between piezoelectric actuation and thermal strains. The
strain of the piezoceramic is set in terms of thermal strain, d3 1 E = aAT, where d3 1 is
the transverse piezoelectric constant, E is the applied electric field, a is the coefficient of
thermal expansion, and AT is the temperature difference. By using a frequency dependent
temperature loading, the transfer function between the applied voltage on the piezoceramic
and the blade tip rotation can be found.
2.4.3 Model Verification
The finite element model was verified by comparing the FEM results to the scaled GE Fan
C natural frequency data from the NASA CR-174625 [13] data. To model the GE Fan C
blade, the foam material for the Active Rotor was set to Titanium 6-6-2, and the spars and
piezoceramics were removed from the model. Table 2.9 shows that the model predicts the
first three natural frequencies to within 7 percent. The mode shapes of the metal model are
shown in Figure 2-9 and do not differ qualitatively from the scaled GE Fan C mode shapes.
Table 2.8: Graphite-epoxy AS4/3501-6
E1 (GPa) E2 (GPa) G 12 (GPa) v density (m)
143 9.8 6.0 .3 1500
Table 2.9: Natural frequency comparisons
2.4.4 Assessment of Active Rotor Requirements
Composite Spar Stresses
The stresses on the composite spar supporting the centrifugal loads from themselves, the
piezoceramics, and the foam satisfy the strength requirement with a maximum von Mises
stress of 570 MPa as shown in Figure 2-11. The predicted stress is well within the zero fiber
orientation failure criterion of graphite-epoxy (Xt=2354 MPa), and will be later used to
specify the limits of fiber orientation in the composite (Section 3.2.3). The von Mises stress
criterion is specified for a composite material by choosing the composite spar properties to
be "smeared" or effectively isotropic.
Twist Actuation
The available commanded twist satisfies the one degree tip rotation requirement over a
sufficiently large frequency range of 350 Hz to 1010 Hz, as shown in Figure 2-10. The actual
actuation should be lower than the prediction because centrifugal stiffening is ignored.
However, the actuation is not expected to be drastically reduced so that it could be a
showstopper to the project. The one degree tip rotation is an arbitrary requirement, and
perhaps significant actuation can be obtained from even .50 or less tip rotation angles. This
is an area to be addressed by a future aerodynamic model.
Natural Scaled GE Fan C
Frequency Data (Hz) FEM (Hz) % diff
first 120 124.4 3.7
second 420 418.8 -0.3
third 910 846.2 -7.0
fourth - 1176.6 -
Piezoelectric Strains
The strains on the piezoelectric actuators at maximum centrifugal loads are shown in Figure
2-12. The strains range from 2200 pE to 3000 pE, and since piezoelectric ceramics are
predicted to fail around 2000 pc, this represents a significant problem to the Active Rotor
development. The maximum strains on one corner of the piezoceramics reaches close to
4500pi but this is ignored since it is localized at an edge.
To overcome the failure of the piezoceramics, the piezoceramics are put in precompres-
sion. Thus the strain experienced by the piezoceramics at operating speed will be reduced
by the amount of precompressed strain. In addition to the strains from centrifugal loads, its
own actuation creates an effective 800pE. Considering the failure strain of the piezoceramic,
a precompression requirement is set to 1000pc.
Two options for precompression of the piezoceramics are to (1) embed the piezoceramics
in the graphite-epoxy spars and use the residual thermal stresses from curing to compress
the piezoceramics or (2) bond the piezoceramics to the surface of the graphite-epoxy spars
in compression so that the bond layer will hold the compression. These options will be
investigated in detail in the following chapter. An alternative to precompression, providing
a DC voltage offset during operation is not feasible. Suppling an electrical strain instead
of a mechanical strain is limited by the coersive field of the material, which relates to only
500pE or less, and also reduces the amount of actuation by the amount of electrical strain.
2.4.5 Conclusions from Finite Element Model
The purpose of the Active Rotor FE NASTRAN/PATRAN model was to assess three
requirements: the stresses in the composite spars must be below failure, the available twist
must be near one degree of tip rotation over a large range of frequencies of forced vibrations,
and the piezoelectric actuators must withstand the induced strains.
The stress and the twist actuation requirements were predicted to be within acceptable
ranges, but the piezoelectric actuators were predicted to experience strains beyond their
failure strain. Therefore, special protection of the piezoelectric actuators is required and
their precompression is addressed in the next chapters.
(a) Foam and hub section
(b) Spars
(c) Piezoelectric actuators
Figure 2-8: Active Rotor NASTRAN/PATRAN finite element model
(a) Metal Model Mode 1 (Bending 1)
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Figure 2-9: GE Fan C mode shapes simulated with the FE model built for the Active Rotor
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Figure 2-10: Transfer function between voltage to the piezoceramic and blade tip rotation
Figure 2-11: Spar stresses for smeared graphite-epoxy properties
Strain 4.48-03
4.25-03
4.02-03
3.79-03
3.56-03Root
3.33-03
3.10-03
2.87-03
2.64-03
2.41-03
2.18-03
1.94-03
1.71-03
1.48-03
1.25-03
X 1.02-03
default_Fringe :
Max 4.48-03 @ Nd 610
Min 1.02-03 @Nd 567
Figure 2-12: Strain on piezocerarnic due to centrifugal loading
Chapter 3
Protection of the Piezoelectric
Actuators
3.1 Precompression Options
Protecting the piezoceramics against high tensile strains by precompression is investigated
in this chapter. The finite element model of the Active Rotor predicts the piezoelectric
ceramics to undergo strains that are beyond failure. Two methods of precompression are
investigated. The first is to embed the piezoceramics in graphite-epoxy spars so that the
residual thermal strains during cure apply a compressive strain to the piezoceramics. The
second approach is to surface bond the piezoceramics under compression from electrical
actuation to graphite-epoxy spars so that the bond layer holds the compression once the
electric field is removed.
3.2 Embedded Piezoceramics in Composite Materials
When two bonded materials with different coefficients of thermal expansion (CTE) experi-
ence a temperature drop, the material with the larger CTE will be placed in tension and
the material with the smaller CTE will be placed in compression. Following the cure of
an embedded piezoceramic within a composite with a larger CTE, both materials expand
with temperature and bond at the elevated cure temperature (3500F). During cooling to
room temperature, the composite attempts to contract more than the piezoceramic and
thus places the piezoceramic in compression .
For a 00 fiber orientation, the graphite-epoxy CTE is smaller in the spanwise direction
than the piezoceramic CTE (a 1 values in Table 3.1). A piezoceramic cured in graphite-
epoxy composites with a 00 fiber orientation will be placed in tension in the spanwise
direction instead of the desired compression. However, by rotating the composite plies,
the effective laminate CTE along the spanwise direction will be a combination of the small
fiber CTE, al, and the large epoxy matrix CTE, a 2 . For a 900 rotation, the laminate CTE
in the spanwise direction will equal the large epoxy matrix CTE, a2, and the embedded
piezoceramics will be placed in compression. However, the laminate cannot be built to have
the largest, most beneficial CTE by rotating all of the fiber angles to 900 because laminate
strength depends on low fiber angles. Finding a balance between the precompression and
strength requirements is the purpose of this study.
Classical Laminated Plate Theory is used to analyze if curing piezoceramics within a
composite will undergo a 10 0 0 pc compression (established to alleviate the operating tensile
loads) with a laminate strength capability of 570 MPa (operating stress as defined in Chapter
2.4.4). The analysis is divided into three sections. The first section develops the Classical
Laminate Plate Theory that will be used in the next two sections: finding the residual
thermal strains from cure and predicting the laminate strength.
3.2.1 Classical Laminated Plate Theory
Classical Laminated Plate Theory (CLPT) is used to predict the stresses and strains
throughout the laminate and follows the assumptions presented in Jones [25]. The bond
is considered to be perfect, infintesimally thin, and non-shear-deformable. The laminate
experiences a continuous strain throughout the thickness and three dimensional effects are
ignored. CLPT combines ply layers with different loading and stiffness properties to form
a single laminate. Once the overall loading is applied to the overall structure, the laminate
response can be transformed into individual ply responses. These ply responses will be used
to find the residual thermal strains and the strength of the laminate.
Ply properties are assumed to be orthotropic and are related to material constants, as
1Considering a single direction, in this case, the x or longitudinal direction. The y or transverse direction
of the piezoceramic may be put in tension or compression, depending on the CTE mismatch in that direction,
but is not of interest here.
in Equation 3.1.
El V12E2  0
1--v12V21 
1
--v1221
V 1 2 E 2  E2 0 (3.1)
1-v12V21 1-V12V21
0 0 G12
where Ei is Young's modulus in the ith direction, vij is Poisson's ratio relating strain in the
ith direction to strain in the jth direction, and Gi, is the shear modulus.
The constitutive relations for a single orthotropic ply relates the ply stresses to the
strains through basic material properties, Q, as shown in Equation 3.2.
a1 Q11 Q12 0 i E aiAT
U2 Q12 Q22 0 E2  a 2 AT (3.2)
712 k 0 0 Q66 k 712 0 k
where the 1,2,3 subscripts refer to the principle ply material directions, the k subscript
refers to a particular ply, ai is the stress in each ply, ci is mechanical strain in each ply,
aAT is thermal strain in each ply, ai is the coefficient of thermal expansion, and AT is the
applied temperature difference. Before combining the ply stiffness properties, the properties
are rotated from their principle material directions to the laminate directions. The rotated
constitutive equations are,
S11 Q12 Q16  EX 1
Uy = Q12 Q22 Q26 Cy a- AT (3.3)
Txy k Q16 Q26 Q66 k -xy OxyAT k
where the subscripts x, y, z refer to the laminate directions as in Figure 3-1
Once the ply properties are oriented in the laminate direction, the individual ply prop-
erties can be combined by integrating Equation 3.3 through the laminate thickness. The
laminate geometry is shown in Figure 3-2. The resultant forces (N) and moments (M),
shown in Figure 3-1 are defined as the integration of the stresses through the laminate
SZW
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Figure 3-1: Resultant forces and moments
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Figure 3-2: Laminate geometry for N plies
thickness.
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The thermal strains (a AT), however, are known inputs to Equation 3.3 and are moved
to the left hand side of the equation. The thermal resultant forces (NT) and moments
(M T ) are defined as the integration of the thermal stresses through the laminate thickness,
as in Equation 3.6, 3.7. It is noted that because thermal strains can occur without an
associated stress, the thermal resultants do not represent true forces unless the laminate is
fully constrained. In general the laminate will experience some strain and thus the thermal
loads will be fictitious forces with no basis in reality. When solving for the individual ply
stresses, only mechanical strains will be used (by subtracting the thermal strains). Although
x, U
----------------
y, V
t
tt
t
L
the use of thermal loads is not intuitive, it is a convenient method for incorporating thermal
effects.
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The integrals in Equations 3.4, 3.5, 3.6, and 3.7 can be written as the summation of
the integrals over each ply. For constant ply properties the integral over the ply thickness
is simply the ply thickness, as in Equation 3.8. The laminate geometry is shown in Figure
3-2.
Integrating Equation 3.3
3.4, 3.5, 3.6, 3.7, yields,
NT
NT
y
NTxy
MT
MTM
zyMTxy
N
dz - Z(zk - Zk-1)
k=1
(3.8)
through the laminate thickness and substituting in Equations
All
A1 2
A 1 6
B 11
B 12
B 1 6
A 1 2
A22
A 26
B 12
B 22
B 26
A1 6
A 26
A 66
B 16
B 26
B 66
B 11
B 12
B 16
Dll
D12
D16
B 1 2
B 22
B 26
D12
D22
D26
B 16
B 2 6
B 6 6
D16
D26
D66
0
Ey
Y
Ix
Ky
Kxy
(3.9)
where Eq are the middle surface strains, j is the middle surface shear strain, Ki are the
middle surface curvatures, and the 6x6 matrix consists of extensional (A), bending (D),
t N z
2 k=1 zk-1
and coupling (B) terms,
N
Ai, = (Q,)k (zk - zk-1) (3.10)
k=l
N
Bi = (Qi)k ( - Zk1) (3.11)
k=1
N
D,= (Qij)k ( - -1) (3.12)
k=l
The solution for the laminate middle surface strains and curvatures from Equation 3.9,
written in compact matrix notation is
Co A B N + NT
K B D M + MT (3.13)
The middle surface strains and curvatures will be used to obtain the thermal strains
on the piezoceramic and the strength of the laminate. The strains in the kth ply can be
found in the laminate coordinate system as a combination of the middle surface strains and
curvatures.
S= + Zk Ky (3.14)
"xy -k xy k xy
The ply stresses in the laminate coordinate system are found by substituting Equation
3.14 into Equation 3.3. The ply stresses in their ply coordinate systems are found by
rotating the ply stresses from the laminate coordinate system.
3.2.2 Residual Thermal Strain Predictions
The requirement of 1000pE precompression on the piezoceramic from residual thermal
strains is evaluated by varying the composite layups and the ply materials. Different layups
are evaluated by varying the fiber angle, 0, of the layups [Piezo/(+0) 6 sym, from 0 to 900.
The two ply materials considered, graphite-epoxy and s-glass, have properties shown in
Table 3.1 with the piezoceramic properties included for comparison. The evaluation of the
strength of the composite layups is considered in Section 3.2.3.
Table 3.1: Graphite-epoxy AS4/3506-1, s-glass and piezoelectric material properties
Material El E 2  v 12  G 12  al a2 Xt Yt S
GPa GPa GPa MPa MPa MPa
Graphite-epoxy 143 9.81 0.3 6 -0.2 16 2356 50 105
S-glass 47 11.1 0.3 5 3.5 16 1675 52 100
Piezoceramic 62 62 0.3 20 3.36 3.36 76 76
The residual thermal ply strains in the laminate coordinate system (Equation 3.14)
predicts the preloading on the piezoceramic and composite plies due to curing. The thermal
loading (N = 0, M = 0, NT = 0 from AT = -275°F, MT = 0 ) found from Equation 3.6,
is used to solve Equation 3.13. The ABD matrix is found from Equations 3.11, 3.12. Both
the thermal loading and the ABD matrices are recalculated for each different layup and for
each different ply material.
The residual thermal strains for the embedded piezoceramics and the composite plies
are shown in Figure 3-3 for graphite-epoxy and in Figure 3-4 for s-glass. The graphite-
epoxy 00 plies load the piezoceramic in the [Piezo/O2sym layup to 895wE of tension in the
spanwise direction. Graphite-epoxy fibers require a rotation angle of at least 59.70 to reach
the 1000pc precompression requirement on the piezoceramic. The s-glass 00 plies load the
piezoceramic in [Piezo/012]sym layup to 31pe compression in the spanwise direction. S-
glass fibers require a rotation angle of at least 49.70 to reach the 1000p precompression
requirement on the piezoelectric actuator.
The complete thermally loaded ply stresses and strains in the laminate coordinate system
are shown in Figure 3-5 for graphite-epoxy and in Figure 3-6 for s-glass. The thermal loading
will be used as part of the loading to determine the strength of the laminate.
3.2.3 Laminate Strength Predictions
The layups that satisfy the 1000p precompression requirement are further analyzed to
determine if they will support the 570 MPa maximum operating stress predicted from the
FE model (Section 2.4.4). The strength of the laminates are evaluated by the Tsai-Hill
failure criterion, which compares multiaxial stresses to the appropriate failure strengths
and combines the result into a single number, which is used to determine failure. See
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Figure 3-3: Residual thermal strains in the x direction for graphite-epoxy composite and embed-
ded piezoceramics from cure (AT = -2750F). Layup used is [Piezo/(±9) 6 ]sym.
Equation 3.15.
(1) O2 102 (022 (12 ) > 1 failureH - X---{ = -(3.15)
t Xt Yt Y S < 1 no failure
where a1 , a2, 712 are the ply stresses in the ply coordinate system and Xt, Yt, S are the
longitudinal tensile strength, transverse tensile strength, and shear strength of the ply
material, respectively.
Stress in the laminate spanwise direction is increased until a single ply fails, which is
determined to be failure of the laminate. The thermal loads from cure are included in the
loading, shown in Figures 3-5, 3-6.
Before using the Tsai-Hill failure criterion, the ply stresses in the laminate coordinate
system (found from substituting the ply strains from Equation 3.14 into Equation 3.3) are
rotated to their respective ply coordinate systems. The resultant force in the spanwise
direction, Ns, combined with the residual thermal stresses is found for each ply failure.
The failure stress in the spanwise direction for the composite plies is shown in Figure 3-7
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Figure 3-4: Residual thermal strains in the x direction for s-glass composite and embedded piezo-
ceramics from cure (AT = -275 0 F). Layup used is [Piezo/(±0)6s],,ym.
for graphite-epoxy and s-glass fibers of the [Piezo/(O)61]sym layups. For a graphite-epoxy
layup to survive, 8 < 310. For a s-glass layup to survive, 0 < 250
3.2.4 Discussion
The method of compressing piezoceramics embedded in a composite based on curing stresses
and strains was analyzed by first finding layups that created large enough residual ther-
mal strains to satisfy the piezoceramic precompression requirement and then finding the
strength of the layups. A graphite-epoxy layup of [Piezo/(±55.5) 6],ym and a s-glass layup
of [Piezo/(±44.2)6],sym satisfies the precompression requirements. However, the strength re-
quirements for [Piezo/(±9) 6]sym were met only for graphite-epoxy layups with fiber angles
less than 0 < 310 and for s-glass layups with fiber angles less than 0 < 250. The results are
summarized in Table 3.2. Since there were no composite materials or layups that satisfied
both the precompression and strength requirements, it is concluded that the piezoceram-
ics should not be embedded in the composite. An alternate approach of compressing the
piezoceramics is analyzed in the following section.
Table 3.2: Precompression results for graphite-epoxy and s-glass [Piezo/(±0)6 m,
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Figure 3-5: Residual thermal stresses and strains for graphite-epoxy composite and embedded
piezoceramics from cure. Layup used is [Piezo/l(±) 6 sym]. Used as partial loading
in strength analysis.
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3.3 Surface Bonding Piezoceramics to Graphite-Epoxy
The previous section shows that precompressing a piezoceramic by embedding it in a com-
posite was not a viable option. An alternate method of precompression is to surface bond an
electrically compressed piezoceramic to a composite beam. By allowing the surface bond to
cure with applied compression on the piezoceramics, the bond layer holds the compression
once the applied voltage is removed.
There are two critical unknown issues relating to the surface bonding approach. Firstly,
bond relaxation of the precompression, initial loss as well as time-dependent creep, may
jeopardize the desirable level of precompression. Relaxation does not lend itself to be easily
modeled and will be investigated experimentally in Section 5.4. Secondly, the strength of
the bond layer must support the piezoceramics under high centrifugal loads. The embedded
case previously investigated had the benefit of enclosing the piezoceramics and protecting
them inside the spar. In contrast, the shear forces on a surface bonded piezoceramic may
tear it from the spar2 . Further, the surface bonded piezoceramics have a single attached
surface through which shear forces must be transmitted. The bond layer failure due to
centrifugal loads is considered a critical failure, and a shear lag analysis is used to predict
the bond failure.
Graphite-epoxy has a higher strength than s-glass and is consequently a better choice
for the spar material. Since graphite-epoxy has a lower CTE than the piezoceramics, a
surface bond cure performed at high temperatures introduces residual thermal strains which
reduce the desired compression. Since the final rig operate at room temperature, deleterious
thermal effects are eliminated by performing the surface bond at room temperature.
3.3.1 Elastic Perfectly-Plastic Shear Lag Analysis
An elastic perfectly-plastic shear lag model was used to predict bond failure for centrifugally
loaded surface bonded piezoceramics. To keep consistent with the analysis of Hart and
Smith [22], the loading was assumed to be uniform and set at the maximum centrifugal
load that the piezoceramic experiences. A double lap joint and its force balance is shown
in Figures 3-8 and 3-9, respectively. A force balance on the piezoelectric actuator and the
2The surface bonded piezoceramic will be enclosed within a foam shell, but is neglected due to the foam's
low stiffness.
composite leads to
dT,
Tp - Tp + -AX - 7TA = 0
dxdT
dx
dT,
Tc - Tc + Ax + 27TA = 0dx
dTcc - 27 = 0
dz
(3.16)
(3.17)
(3.18)
(3.19)
where T is the force per unit width, and the subscripts p and c refer to piezoceramic and
composite, respectively.
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Figure 3-8: Double lap joint geometry
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The strain-displacement relation from Figure 3-10 is,
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Figure 3-10: Bond strain displacement
where y is shear strain, 6c - bp is the distance that the piezoceramic shears more than the
composite, and r is the thickness of the adhesive.
The constitutive stress-strain relations are,
E= - (3.21)E
G-,y elastic
7y = constant, plastic
where e is strain, a is stress, E is Young's modulus, T is the shear stress, G is the shear
modulus, and ry refers to the yield stress of the adhesive.
Rewriting Equation 3.22 for the piezoceramic and composite,
db T
- _ - (3.23)
dx Eptp
dec Tc
-d6 - T(3.24)
dx Ectc
where t is the thickness such that T is stress.
Combining Equations 3.23, 3.24 and 3.20 eliminates 6p and Sc. Inserting Equation 3.17
and 3.19 eliminates Tp and Tc. The governing differential equation is,
d2 7 1 1 2
S+ E )7 = 0 (3.25)
d72 7 Eptp Ectc
Equation 3.25 is solved separately for the elastic and plastic regions. Inserting the elastic
portion of Equation 3.22 into Equation 3.25 yields,
d2 7 2 2 = G 1 1d- - T = 0 2  + (3.26)dx2 7 Epip Ectc
and has the solution,
T = A cosh(Ax) + B sinh(Ax) (3.27)
For symmetric shear stress distributions about the x axis origin, the constant B is equal to
zero. Inserting the plastic portion of Equation 3.22 into Equation 3.25 yields,
d2 y 2  2 G 1 1dx2 = GY ( + E (3.28)dx2 G T' Y Ep p Ectc
and has the solution,
= )G2 + C + F (3.29)
where ( is the coordinate of the plastic region, = x + d, as in Figure 3-10. The unknown
constants A, C, F, and I are found from the boundary conditions,
d
' = Ye at x = d =0 (3.30)
1-d
Y = Ye + p at = 2 (3.31)
dy_ dy ddx- d at x= = 0 (3.32)dz d 21
dy P 2Tavl 1 - d
<- 
- at = (3.33)d( Ecicyl Ectcl 2
Solving for the constants,
F = TY (3.34)
A = Y (3.35)
cosh(A )
C = (A-) tanh(Ad) (3.36)G 2
Tav d tanh(Ad)
= (1d- I 2 (3.37)
22
For long overlaps, tanh( d) -+ 1, and Equation 3.37 can be simplified to easily solve for
the elastic region length, d.
P 2
d=l- - + - (3.38)2tP A
Thus, given the material and geometrical properties of the composite, piezoceramic, and
adhesive layer, with the applied load, the shear strains can be found along the direction of
the applied load. Solving first for the elastic zone length (d) and plastic zone length ( )
from Equation 3.38, the governing differential equation is solved separately for the elastic
and the plastic regions. The elastic shear stress, from Equation 3.27, can be related to
elastic shear strain through the elastic portion of Equation 3.22. The plastic shear strain is
found from Equation 3.29. Once the level of shear strains of adhesive is known, the adhesive
can be evaluated on its ability to hold the piezoceramic to the composite.
3.3.2 Results of Shear Lag Analysis
Loading
The loading stress is set to the maximum centrifugal stress experienced by the piezoce-
ramic, which overestimates the loading and gives a conservative bond failure prediction.
The maximum centrifugal stress on a piezoceramic is found assuming a straight uniform
piezoceramic,
L2 - L2r = pp 2 P 2 r (3.39)
Lr
where Lr is the distance from the piezoceramic root to the axis of rotation, and Lp is
the distance from the piezoceramic tip to the axis of rotation, pp is the density of the
piezoceramic, and w is the rotational speed at maximum operating condition. For the
Active Rotor, the properties and operating stress on the piezoceramics is shown in Table
3.3.
Table 3.3: Piezoelectric properties and operating stress
L,, mm Lp, mm pp, w, RPM cr, MPa
95.4 95.4+36.3 7700 16292 92.4
Properties
Epotec 301 from Epoxy Technologies Inc. was chosen as the adhesive to analyze because it
has a low viscosity to allow for thin bonds and can be cured at room temperature. It has a
yield shear strength of 11.7 MPa. The length of the bond is the same as the length of the
piezoceramic, 36.3 mm, and the laminate stiffness for [±20]6sym is found from CLPT as an
equivalent engineering stiffness.
Table 3.4: Shear lag property inputs
Eeq, GPa Shear Modulus, GPa Thickness, mm
piezoceramic 62 20 .254
laminate [+20]6sym 96 N/A 3.22
adhesive N/A 2.9 variable
Results
The shear stress and shear strains along the bond length are shown in Figures 3-11(a),
3-11(b) for a bond thickness of .0254mm (1 mil). They show the expected trend of concen-
trated shear at the edges of the bond. The shear stress plot (Figure 3-11(a)) indicates that
the shear stress reaches its yield value of the adhesive and plastic deformations occur in the
adhesive. To assess failure, the maximum value of the shear strain plot is compared with
the failure strain of the adhesive. For a .0254 mm (1 mil) bond thickness, the maximum
strain is 15,000 pE, which is well below the predicted 40,000 failure strain. If the edge of
the bond is predicted to fail, then the entire bond is assumed to fail, which starts at the
edges and works inward, similar to a zipper.
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Figure 3-11: Stresses and strains along the adhesive length for a bond thickness of .0254 mm (1
mil)
The maximum shear strain occurring at the edge of the bond is found for different bond
thicknesses, shown in Figure 3-12. For Epotec 301, the bond thickness can be determined
by the amount of pressure applied during the cure. Compromising between a thin bond for
good load transfer and a thick bond for its strength, the bond thickness was set just below
.0254 mm (1 mil).
The elastic perfectly-plastic shear lag analysis is considered a first estimate of the failure
strains of the adhesive. The large increase of strains at the edges is sensitive to several
parameters, such as bond thickness, and the analysis should be used with caution. Further,
the loading used in the model assumes the root centrifugal load acts throughout the entire
bond, which is larger than the actual centrifugal loads. The bond failure is investigated
experimentally in Section 5. This analysis shows, however, that the bond failure for the
surface bonded piezoceramics is within an acceptable stress state.
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Figure 3-12: Maximum shear strain (edge shear strain) as a function of bond thickness
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Chapter 4
Active Spar Coupon Manufacture
and Characterization
Coupons are an important step in experimental studies. By simplifying some parameters,
in this case geometry, a focused investigation of more relevant parameters is possible. To
accomplish the goals outlined in Chapter 5, three coupon types are manufactured. The
technical issues that are developed to manufacture the coupons are connecting electrical
leads to the piezoceramics and surface bonding compressed and uncompressed piezoceramics
to graphite-epoxy spars. The piezoelectric properties are characterized before and after
bonding to the composite spars and are shown to be nonlinear to high actuation strains
and high mechanical stresses.
4.1 Coupon Types
The template for the three coupon types used in the experiments described in Chapter 5
is a straight uniform graphite-epoxy spar with centered piezoceramics bonded on the top
and bottom surfaces. Dimensions are given in Figure 4-1. The differences between the
coupon types are the layup (and therefore thickness and the equivalent material properties,
specifically, Poisson's ratio) and the electrical leads as shown in Table 4.1. The purpose of
the individual coupon types are further discussed within the specific testing sections and
only briefly mentioned here. The layup angle of ±200 was chosen to satisfy the 0 < ±310
strength requirement and add robustness to off axis loads. Coupon A, the [±2016sym layup,
represents the root thickness of an Active Rotor Blade spar. Coupon B, the [±20]sym
layup, was chosen with only four plies to accentuate the actuation in the loading tests, and
Coupon C, the [0/90]sym layup, was chosen to provide a comparison to Coupon B with a low
Poisson's ratio. The single and double electrical leads (Section 4.3) refer to the number of
independent wires that can provide voltage or measure capacitance to a single piezoceramic.
The motivation for double electrical leads was an attempt to find cracks or damage within
the piezoceramic by comparing differences in the capacitances measured at the edges.
Table 4.1: Coupon type designation
Coupon Type Layup Thickness (mm) Poisson's Ratio Electrical Lead Type
A [±20]6sym 3.1 1.23 single
B [+20]sym .6 1.23 double
C [0/ 9 0]sym .5 .04 double
36.3 mm
0.254 mm
varies
152.5 mm
Figure 4-1: Dimensions of template for all coupon types
4.2 Materials
Piezoelectric Actuator
The piezoelectric material, PZT-5A, was purchased from Morgan Matroc with dimensions
of 36.3 mm x 9.0 mm x .254 mm. Properties are shown in Table 4.2.
Table 4.2: Morgan Matroc PZT-5A Properties
E (GPa) v Density (1) d3 3 (1012) d31 (10- 12)
61 .31 7700 374 -171
Graphite-epoxy composite
Hexcell's graphite-epoxy AS4-3506-1 prepreg was used to make the coupons. Properties
are given in Table 4.3. The material was cut, assembled, and cured in the Technology
Laboratory for Advanced Composites (TELAC) at MIT, according to the TELAC manual
[29]. The manufactured plates were cut on the TELAC milling machine into spars with
dimensions of 152.5mm x 9.0mm.
Table 4.3: Graphite-epoxy AS4/3506-1 properties
E1 (GPa) E2 (GPa) G 12 (GPa) /12 Density ( )
143 9.81 6.0 .3 1580
Adhesive
The adhesive was chosen with two considerations, bond thickness and thermal effects. The
bond thickness is ideally as thin as possible for increased load transfer between the two
bonded surfaces as well as keeping the thickness dimension small to fit within the foam
shell. However, thicker bonds have a smaller shear strain and better resist centrifugal
loads. The shear lag analysis in Section 3.3.2 shows that the thinnest recommended bond
line can be as thin as 10 microns (0.4 mil). Secondly, a high temperature cure between
the piezoceramic and graphite-epoxy was shown to reduce the desired compression on the
piezoceramic (Section 3.2.2). The undesired thermal effects are eliminated by performing
a room temperature bond, and an appropriate bonding agent will have to support room
temperature bonding.
Epotec 301 from Epoxy Technology Inc., a two-part room temperature low viscosity
adhesive, was chosen to bond the piezoceramic to the graphite-epoxy composite. Because
of its thin bond line, Epotec 301 was also chosen to bond Kapton electrical leads and the
piezoceramic. The bond between the Kapton and piezoceramic does not have to be limited
to a room temperature cure, and so was cured at 150 0 F, which speeds up the cure and also
further reacts the two part adhesive leading to a better bond.
4.3 Lead Manufacture
In using piezoceramics for the Active Rotor, electrical leads need to be developed to conve-
niently apply voltage to the piezoceramics. Several guidelines for the leads were identified.
1. lightweight- additional weight increases the centrifugal loading on the spars
2. thin- thick leads require thinner spars to fit within the blade geometry
3. flexible- the leads must wrap around the outside of the spar to meet with power
connections
4. electrical isolation- graphite composite is electrically conductive and must not be
exposed to the input voltage
Single-sided copper-coated Kapton, .127 mm (I mil) thick, satisfies all of these require-
ments. Most of the copper was etched away with PCB etchant, leaving a strip of copper for
the electrical connection to the surface of the piezoceramic. Since most commercial piezoce-
ramics have a conductive surface coating (Morgan Matroc uses nickel), a point connection
to the top or bottom surface is adequate to provide a uniform electric field through the
piezoceramic thickness.
Two different etchings were made, designated single and double. The single leads have
etched copper strips the length of the piezoceramic to provide robustness to debonding and
piezoceramic cracking. See Figure 4-2(a). The double leads have copper strips over two
sides of the piezoceramic, which provide multiple connections to the piezoceramic surface,
but only overlap a small portion of the edges. See Figure 4-2(b). The motivation behind
the double leads is to have access to mulitple capacitive measurements in order to locate a
through thickness crack or indicate damage.
The Kapton leads with copper strips were bonded to the top and the bottom surfaces
of the piezoceramic with Epotec 301. A jig with a vertical slider was used to apply pressure
to the bond. See Figure 4-3. Because of the low viscosity of the epoxy, the applied pressure
determines the bond thickness. The bond thickness for an applied pressure of 20 psi results
in a bond thickness less than 6.35 microns (I mil). The bond line is slightly thinner than
expected, but is experimentally tested in Chapter 5. The layers of the bond cure are
exploded in Figure 4-4. The rubber protects the piezoceramic from dust or other particles
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Figure 4-2: Bonding Kapton electrical leads to piezoceramic
that may cause it to break. The Guarenteed NonPourous Teflon (GNPT) keeps epoxy excess
from escaping the assembly. Since the stiffness of the Kapton leads are negligible compared
to the piezoceramic, the coefficient of thermal expansion mismatch is not a factor (as in
bonding piezoceramics to composite), and the bond could be cured at elevated temperature.
An elevated temperature reduces both the cure time and allows for a better bond. The cure
cycle is for 2 hours at 150 0 C. The entire jig was placed in an oven during the cure.
Figure 4-3: Experimental setup for bond cures
It is worth noting that for very thin bond layers between the leads and the piezoceramic,
the bond layer need not be conductive to transmit electric fields. Because the piezoceramic
acts as a capacitor, a small non conductive glue layer simply increases the capacitance, which
may result in a lowered actuation. However, there was no measurable capacitance increase
between a piezoceramic before and after the application of the leads, and the leads and the
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Figure 4-4: Lead cure exploded section
bond layer are assumed to have no effect on the actuation potential of the piezoceramic.
4.4 Piezoelectric Actuator Characterization
With the electrical leads attached, the piezoelectric actuators are characterized before and
after bonding to the graphite-epoxy spars. By supplying an electric field and measuring the
resulting surface strain, the repoling voltage and the actuation nonlinearities due to high
field and high stress conditions can be investigated.
4.4.1 Butterfly Curves
The standard coordinate system of piezoceramics is shown in Figure 4-5. When an applied
electric field and the poling direction are in the same direction, the material contracts in
the transverse direction. Similarly, when an applied electric field and the poling direction
are in opposite directions, the material expands. Although the largest strain response is
in the through-thickness or 3-direction, the transverse strains in the 1- or 2-directions are
used in the Active Rotor, and are the ones measured and presented throughout this thesis.
The full mechanical response of poled piezoceramics to electric fields can be plotted
as a butterfly curve. A typical measured butterfly curve, generated by a ± 2000 V/mm
electric field (± 500 V for PZT-5A with a thickness of .254 mm (.01 inch)) triangle wave at
a quasi-static period of 30 sec (.033 Hz) and measured with a surface bonded strain gage,
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Figure 4-5: Coordinate system for piezoelectric material
is shown in Figure 4-6. At low voltage levels the piezoceramic has two stable operating
lines. The material either expands to a positive applied voltage, or contracts to a positive
applied voltage (the two diagonal lines in Figure 4-6). As the field is increased against the
polarization of the material (surface strain increasing), there is a sudden switch in the sign
of the strain at ±1000 V/mm. The domains have rotated too far and flipped, reversing the
polarization of the material so that the response is now on the other operating line. Applying
a large field against the new material polarization (surface strain increasing on the other
diagonal line) will again repole the material and return it to the original line, creating the
shape of the butterfly curve. As the field is increased with the polarization (surface strain
decreasing), saturation is eventually reached, the dipoles are aligned, and additional electric
field will result in no change from the material. The beginning of saturation is seen at ±2000
V/mm as the strain response is beginning to flatten out.
4.4.2 High Strain Piezoelectric Nonlinearities
The entire range of piezoceramics is rarely used in practice to keep the material far from
repoling conditions. Apart from quickly fatiging the material, repoling suddenly reverses
the mechanical response to the same electric field. By operating below the coersive field,
the piezoceramic response is confined to a single diagonal line of Figure 4-6. Traditionally,
this diagonal line has been assumed linear for simplified mathematical analysis, and can be
described by a single constant. The d constants are defined as actuated strain divided by
the applied electric field. For transverse strains,
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Figure 4-6: Measured butterfly curve of PZT-5A for transverse (1 direction) response.
d31 = (4.1)
where e, is the strain developed in 1 direction, and E 3 is the applied electric field in 3 direc-
tion. Unless the piezoceramic has been permanently altered (such as stress or temperature),
the surface strain is constant, i.e. d32 = d31 . The through-thickness d3 3 value is typically
twice d3 2 and d3 1 but is not used in the present surface bonded applications which rely on
transverse properties for actuation.
Experimentalists as far as 50 years ago have shown moderately strong nonlinearities in
the d constants [7, 27]. These nonlinearities have mostly been ignored because of the bene-
fits of modeling with a linear assumption of piezoelectricity, although some have attempted
to model or correct for the behavior [20, 37]. Nonlinear modeling, however, has recently
received more attention because of the growing need to predict piezoelectric actuation in
their nonlinear regimes. Two nonlinearities of the d constants are discussed in this the-
sis, high strain actuation (next section), and high stress environments (Chapter 4.6 after
compressed bonding).
Manufactures present d3 1 obtained at a low field and therefore low strain response.
They follow the IEEE standard[1] of using an applied electric field of less than or equal to
10 V/mm, but actual practice can use up to 1000 V/mm. Further, offset or bias voltages,
which make a larger portion of strain range available by shifting the cyclic electric field
away from the coercive field, makes nonlinearities unavoidable. Large strain properties
have been experimentally observed to increase d31 by a factor of two or more [2], and the
use of manufacturer's data has been seen to under-predict the actuation potential available
from piezoelectric materials, also by a factor of two in extreme cases [12]. Understanding
the d31 nonlinearities is important to correctly predict actuation.
The piezoelectric actuation d constants are sensitive to its piezoelectrically-induced
strain. Figure 4-7 shows the experimentally measured d31-strain relation for a free piezoce-
ramic PZT-5A. The curve shows a drastic increase in d31 that more than doubles its value
over the range of available actuated strain.
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Figure 4-7: Measured piezoelectric actuation value for PZT-5A, d31 , plotted as a function of
actuated strain
Previous testing of sandwich panels with prediction comparisons based on either a strain
dependence or a field dependence showed that d31 is a function of strain and field [2, 30].
There is a linear relation between strain and field, as shown in Figure 4-8, but this rela-
tion changes with different boundary conditions and is not useful for actuation predictions.
Thus a bonded piezoceramic experiencing 200 ,p from a 500 V/mm electric field will have
0 200 400 600 800 1000
Electric Field V/mm
Figure 4-8: Measured piezoelectric actuation value for PZT-5A, d 3 1 , plotted as a function of
electric field
an identical d31 constant to a free piezoceramic experiencing 200 p E under a 100 V/mm
electric field. Exceptions for a high stress field are discussed in Chapter 4.6. The nonlinear
relationship of d31 to strain instead of field is consistent with the fact that the piezoelec-
tric mechanism is primarily a deformation of its internal structure and not of an external
influence.
To obtain the data for Figures 4-7 and 4-8, hysteresis must be taken into account.
Hysteresis is an irreversible plastic deformation, often seen when bulk materials such as
aluminum or steel are mechanically cycled beyond their yield strain. Ferroelectrics expe-
rience hysteresis between applied electric field and strain when the domains change shape
and size in response to an electric field. By removing or reversing the electric field new
domains rotate and grow at the expense of the previously rotated domains. Hysteresis is
due to the resistance in the domain walls to this movement [9].
Piezoelectric hysteresis is repeatable over many cycles, larger electric fields produce
a larger hysteresis, but most importantly, the slope of the hysteresis loop changes under
larger fields, which is consistent with an increase in d3 1 . Figure 4-9 shows experimental
strain readings for four different applied fields. Five, almost identical cycles are plotted
for each hysteresis loop. Taking the peak-to-peak strain value divided by the peak-to-peak
electric field value for each loop produces the d31 values in Figures 4-7 and 4-8. Because the
slope of the hysteresis changes with each peak strain level, many values of actuated strain
need to be tested to characterize the d31-strain relation.
Data was collected at 1 Hz for sinusoidal cyclic input voltages between 10 V (39.3
V/mm) and 240 V (945 V/mm). The largest input voltage of 240 V was chosen below
the 250 V coercive field to avoid repoling. Below 10 V, the noise in the strain gages was
too large to resolve the readings. Extrapolating the data to a zero strain value recovers
the manufacturer's d31 value of 171 10-12 m/V. A third order polynomial fit of the first 5
points predicts within 1% of the manufacturer's value.
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Figure 4-9: Field-Strain hysteresis for free piezoceramic PZT-5A at four different peak strain
levels. Five cycles plotted for each level.
The dependence of the piezoelectric actuation as a function of its own strain makes
the high field actuation response difficult to predict. The induced strain is necessary to
obtaining the value of d31 , but without first knowing which value of d31 to use, the induced
strain cannot be predicted. A semi-empirical method for predicting d31 is proposed in
[2, 30]. An iterative solution, based on computing the piezoelectric-induced strain of a
bonded piezoceramic and using the experimentally measured d31-strain relation for a free
piezoceramic is adopted.
Because of the complicated geometry and the different components that compose the
Active Rotor, many of the desired predictions rely on a finite element method of solution.
NASTRAN/PATRAN is used to model the piezoelectric actuation through a temperature
strain analogy, d3 1E == aAT, where d31 is the transverse piezoelectric constant, E is the
applied electric field, a is the coefficient thermal expansion, and AT is the temperature
difference. The iterative analysis to finding d3a with the finite element analysis is presented
in Chapter 6.
In addition to high strain nonlinearities, large mechanical stress degrades the piezoelec-
tric actuation d values. Stress effects are discussed in Chapter 4.6.
4.5 Surface Bonding Piezoceramics to Graphite-Epoxy Beams
Piezoceramic wafers are bonded to the graphite-epoxy beams in two ways; compressed and
uncompressed. The compressed bond is manufactured by electrically holding compression
on the piezoceramics with a large applied voltage during the bond cure. Once the bond is
cured, the voltage is removed and the bond layer holds the compression on the piezoceramics.
For the uncompressed bond, no voltage, and therefore no prestrain is applied.
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Figure 4-10: Beam cure exploded section
The piezoceramics are bonded to the composite beam in a manner similar to the lead
cure, and the same jig is used. An exploded section view of a precompressed bond cure
is shown in Figure 4-10. The foam is used to lessen the possibility of the strain gage
solder joints breaking the piezoceramic under weight. None were damaged during a cure.
The GNPT butted with the piezoceramics keeps the kapton leads from bonding to the
composite. The additional GNPT protects the foam and supports from epoxy excess.
A room temperature bond was performed to eliminate temperature effects associated
with bonding piezoelectric actuators and graphite-epoxy composite at elevated tempera-
tures. The room temperature cure time for Epotec 301 was rated as overnight, but was
cured for 48 hours under weight to ensure a completely cured bond (12 hours was tried
without success). The surface strain of a piezoceramic during a precompressed bond cure
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Figure 4-11: Precompressed bond cure
to a coupon type A, [+20]6sym beam, is shown in comparison to a free piezoceramic in
Figure 4-11. The voltage is increased' until the strain on the surface of the piezoceramics
reaches -140 0pE. This increases due to creep of the epoxy to -1550PE over the 48 hours
that it takes for the room temperature bond to cure. Upon removal of the voltage (at 1.8
minutes after 48 hrs), the piezoceramic bonded on the composite holds -1310PE, which is
well beyond the -1000pE requirement. As expected, the free piezoelectric actuator returns
to its original strain level, with a small amount of residual strain from the large extended
applied voltages. The adhesive was successful in holding the initial precompression on the
piezoelectric actuators.
The bonding of piezoceramics to coupon type B, [±20]sym, and C, [0/90]sym are not
1The voltage rampup was done manually which explains the jagged strain increase of the piezoceramic.
all manufactured with the 1000pc precompression, but some instead hold around 7 0 0 pe
precompression. Firstly, it was found that a slightly lower applied voltage during bonding,
although giving only a 1100pE (instead of 1550 p as above) bonding compression, resulted in
fewer electrical breakdowns of the material. Secondly, the high elastic flexibility of the thin
spars is unable to hold the precompression near the bonding value, and a significant portion
is lost through beam extension. The level of precompression attained on these thinner spars
is acceptable for performing the actuation tests of Chapter 5 and investigating the value of
precompression.
4.6 High Stress Actuation Nonlinearities
The piezoelectrical actuators are precompressed for operating at strain levels beyond the
failure strain of the piezoceramics. However, the high mechanical loading to reach the
precompression requirement of 1000 pc (relates to 62 MPa compressive stress), introduces
stress-based actuation nonlinearities. Understanding how piezoelectric actuation properties
degrade with compression, recover from release of compression, and operate under tension
is necessary to predict the Active Rotor Blade response. The stress state predicted of the
piezoceramics in the Active Rotor is not well represented in the literature. The piezo-
ceramics, even with precompression, will operate under tensile loads, and the composite
fiber angles, ±200, with a theoretical 1.23 Poisson's ratio, induce a large biaxial stress con-
dition. The brittle nature of piezoceramics makes their use in tension questionable and
consequently, little work on uniaxial and biaxial tensile loads is reflected in the literature.
This section reviews the existing stress dependant nonlinearities in the literature, motivates
future testing to identify several unknowns, and characterizes a precompressed bond.
4.6.1 Background
The mechanism of the piezoelectric effect for ferroelectrics is the growth and motion of
internal domains to an applied electric field. It is well known that applied mechanical stress
alters the allowable movement of these domains and therefore the response. Piezoelectric
materials have been seen to be sensitive to the direction of stress as well as its level.
Actuation nonlinearities due to stress have been reported over the last five decades and
have typically focused on uniaxial compressive stress [12, 24, 28, 27, 41], with some focus on
hydrostatic stress [8]. Uniaxial compressive stress, both parallel and perpendicular to the
polar axis, has been observed to degrade actuation potential along the direction of applied
stress. Reproduced PZT-5A data from Zhang [41] and Krueger [28] of a compressive stress
perpendicular to the polar axis (T 1 , see coordinate system shown in Figure 4-5) with the
transverse actuation constant, d3 1 normalized by its original uncompressed value, is shown
in Figure 4-12. Although of different magnitudes, the trends measured from Zhang and
Krueger show that uniaxial in-plane compressive stress degrades the actuation along the
axis of applied stress. Upon removal of the stress, the original actuation is not regained, but
suffers a permanent 20% loss. The large magnitude discrepancies between the two sources
is unknown.
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Figure 4-12: Data from Zhang[41] and Krueger[28] showing d constants as a function of loading
perpendicular to the polar axis for PZT-5A.
Although no direct actuation under tensile load data could be found in the literature, it
can be inferred from several sources that tensile loads increase actuation properties along
the direction of the loading. Compressive stress in the 1-direction results not only in a
decrease in d31 but also in a similar percentage increase of d32, as shown in Figure 4-12.
Similarly, Jaffe presents a 50% loss in d31 and an 80% gain in d32 for a compressive stress
of 150 MPa [24]. It can be theorized that Poisson's ratio is not the sole cause of the
increase in d31. If Poisson's ratio caused the actuation property increase perpendicular to
the compressive loading by creating a tensile transverse loading, the magnitude increase
should be in proportion to the Poisson's ratio. However, the increase of d32 is in direct
proportion to the decrease of d31 instead of 0.3 of the decrease of d31 , where 0.3 is the
Poisson's ratio for piezoceramics.
Also, many new strain amplifying displacement actuators claim an increased actuation
value due to tensile loads. RAINBOWs (reduced and internally biased oxide wafer) [17],
Cerambows (Ceramic biased oxide wafer) [21], and "Moonies" [34] work from reducing
piezoceramics or bonding piezoceramics to dissimiliar materials at high temperatures such
that cooling results in a dome or saddle shape. These actuators have a nonuniform stress
state throughout the thickness ranging from compression to tension. The tensile stress is
thought to produce a preferred orientation of the domains and partly explain the large
displacements. A possible explanation is that compression restricts domain movement and
tension enhances domain movement and therefore response.
Although similiar loading conditions faced by the Active Rotor Blade were not found
within the literature, it was found that compressive stress degrades actuation in the direction
of stress, release of the compression results in a 80% property recovery, and tensile loads
are expected to improve actuation. An experiment was designed to better quantify these
effects for the specific conditions of the Active Rotor. The two coupons, B [±20]sym, and
C [0/90]sym, were designed to address the perceived limitations in the literature on stress
dependence of piezoceramics properties. By measuring the actuation levels of these two
coupon types under a series of static tensile loads, the response to different biaxial tensile
states can be obtained. Because of their different Poisson's ratios, 1.23 for B and .04 for C,
the transverse stress state of the piezoceramics will be different for identical longitudinal
stress when pulled in an MTS tensile machine. Chapter 5.7 shows the details and results of
the Actuation Under Loading test.
Prediction of the Active Rotor response to piezoelectric actuation is dependent on an
accurate value of d31. Previously, in Chapter 4.4.2, the d31 value was shown to be a function
of piezoelectrically-induced strain. To include the d31l property change as a function of stress
for the Active Rotor, it is necessary to complete the Actuation Under Loading test and
characterize the d31 change under Active Rotor conditions. However, for several experiments
performed with a static precompression on the piezoceramics, predictions can be made by
simply including a knockdown factor to the value of d31. The property change between
compressed and uncompressed piezoceramics is experimentally characterized and outlined
in the following section.
4.6.2 Experimental Stress Dependence
Butterfly curves for two piezoceramics (named Piezo 1 and Piezo 2) were obtained before
and after bonding to [±20]sym spars (coupon type B). The free butterfly curves for Piezo 1
and Piezo 2 before bonding are almost identical, as shown in Figure 4-13.
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Figure 4-13: Free butterfly curves for PZT-5A
Piezo 1 was bonded uncompressed to a [±20]sym spar (coupon type B), and Piezo 2
was bonded with a 1000 pc compression to a second [±20]sym spar. Both of the Piezo 1
and Piezo 2 have a reduced strain measurement when actuated on the beams since they
are constrained by the beams and cannot actuate freely. It is emphasized that the free
butterfly strains are extensional and the bonded butterfly strains experience a combination
of extensional and bending strains, and so a direct comparison between the free and bonded
butterfly curves is not appropriate. Comparisons are made within each type of test.
As expected, compressed piezoceramics exhibit lower actuation properties than uncom-
pressed piezoceramics, as shown in Figure 4-14. The 1000 pe compression on Piezo 2 was
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Figure 4-14: Bonded butterfly curves of PZT-5A showing effects of compression
subtracted to allow for a direct comparison to the uncompressed piezo. The compressed
Piezo 2 butterfly curve is squashed; it shows the same basic trends as the uncompressed
Piezo 1 curve but with a 63% lower actuation response. Relating the 1000L/E precompression
to a 75MPa compressive stress and using the unixaial compression data presented in Figure
4-12, the degradation in d31 is expected to be between 38% and 64% of the unstressed value.
Although the bonded piezoceramics are in a compressed biaxial stress state 2, it appears to
exhibit the same trend as the uniaxial compressed specimens. Predictions for a piezoce-
ramic under 1000 p, compression will use a 63% knockdown factor of uncompressed d31
properties.
4.7 Summary
The manufacturing and characterization of coupons necessary to perform the experiments
in Chapter 5 was presented in this chapter. Two technically difficult problems, attaching
leads compatible with the Active Rotor design, and bonding compressed piezoceramics to
2An applied voltage to a piezoceramic will contract both transverse directions (d31l and d32 have the same
sign) so that the compressed bonds of a piezoceramic to a spar maintain compression on both transverse
directions.
graphite-epoxy spars were solved. Characterizing the free piezoceramics revealed that the
piezoelectric transverse actuation value, d31 , is dependent on the piezoelectrically-induced
strain and a method of iteration is required to predict the level of actuation. The character-
ization of the piezoceramics after bonding revealed that d31 is degraded with compression
and is inferred from the literature to increase under tension. The tests to quantify these
actuation changes as well as other coupon experiments are presented in the following chap-
ter.
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Chapter 5
Coupon Experiments and Results
5.1 Approach
The development of the Active Rotor project is currently in its early stages. Without knowl-
edge of which areas of interest are critical and which are acceptable, many different topics
are addressed and considered, but not fully explored. This is especially true for the piezo-
electric devices. Using a newly developed electrical lead attachment, a compressed bond to
graphite-epoxy, and the use of the nonlinear region of piezoceramic electric actuation (due
to actuation and stress) could all cause unforeseen problems. Consequently, it was decided
to experiment in many different areas, even if there were a limited number of specimens
with which to take measurements. Critical areas of research are identified and lead the way
for a focused second stage of research and experiments.
5.2 Goals
The development of the Active Rotor requires experimental investigation in a variety of
structural and material issues. One of the most technically difficult areas of the Active Rotor
is the area of piezoelectric attachment, protection, and modeling. The areas addressed in
this thesis are:
1. Characterization of Adhesive Bond Layer
(a) Creep between precompressed piezoceramics and composite spars
(b) Failure strain
2. Characterization of Piezoelectric Actuators
(a) Failure strain comparison for compressed and uncompressed piezoceramics
(b) Benchtop actuation
(c) Actuation under simulated loading conditions
3. Experimental verification of finite element NASTRAN/PATRAN actuation predic-
tions
The four tests used to investigate the above goals and described in this Chapter are:
1. Creep Test-measure the loss of precompression in the bond layer over time
2. Benchtop Actuation Test- actuate the piezoceramics on a cantilevered spar and
measure the tip deflection.
3. Tensile Test- use the MTS machine to pull the specimens in extension to measure
failure strains
4. Actuation Under Loading Test-pull the specimen in the MTS machine to a series
of static loads, actuate the piezoceramics, and measure the actuation as a function of
applied load.
and the finite element modeling of Goal 3 is presented in Chapter 6.
To accomplish the above tests, three coupon types were manufactured. The graphite-
epoxy composite beams were manufactured straight and uniform and piezoceramics were
bonded to the center of the top and bottom surfaces, as discussed in Chapter 4 and shown
in Figure 4-1. The coupon type layups are A for [+20]6sym, B for [±20]sym, and C for
[0/90]sym. The four tests, the goals they address, and the coupons used in the tests are
tabulated and shown in Table 5.1.
5.3 Instrumentation
The basic instrumentation setup for testing of the coupons is shown in Figure 5-1. All of
the input types are shown but not all are used simultaneously. The computer acts as a
function generator for the voltage to the piezoceramics and also measures the outputs of
strain gages, laser displacement probes, MTS machine loads, and other devices.
Table 5.1: Experiments and coupon types (from Table 4.1)
Test Name Address Goal Coupon Type
Creep 1(a) A,B
Tensile Test 1(b),2(a) A
Benchtop Actuation 2(b),3 A,B,C
Actuation Under Loading 1(b),2(a),2(c) B,C
MTS machine
load cell
voltage position
dividerinput minput external
loading
output
computer voltage power
/DAQ amplifier
actuate
input input plezos
up to 10
strain gage strain gage strain gages
conditioners breakout box
other channels: coupon specimen
laser displacement,
load cell
Figure 5-1: Instrumentation diagram. Not all inputs were used for every test.
Computer/DAQ
National Instruments LabView 4.0 software and data acquisition (DAQ) board PCI-MIO-
16E-4, were used to simultaneously drive the piezoceramics and collect data from a variety
of instruments. The DAQ board has 16 single ended input channels, two output channels,
and can sample up to 250 kHz.
Power Amplifier
A Kepco BOP 1000M power amplifier was used to amplify the Labview generated voltage
signal by a factor of 100 before driving the piezoelectric devices.
The high voltage output from the power amplifier was sent through a voltage divider and
then back to the computer for a comparison to the original voltage signal. To stay within
the power limitations (-) of the resistors for a 1000 V input, two 1 W resistors were chosen
to be 10.32 MQ and 99.0 kQ. To keep the relatively large resistance from interfering with
the input channel of the data acquisition board, a 3140 Op Amp was inserted in the circuit
as a voltage follower, as in Figure 5-2.
+ 1000 V
10.32 M.2 + 15 V
3140 op amp
O 95V
to DAQ
99.0 kQ
- 15 V
GND
Figure 5-2: Voltage divider with voltage follower.
The capacitive load for the BOP 1000M Kepco amplifiers is rate at 10 nF, and yet
the piezoelectric capacitances for a spar approach 50nF. However, since a capacitive load
is dependent on frequency, the spars may be successfully actuated in a limited portion of
the available frequency range. Driving a capacitor is current limited; when the capacitor
requires more power than the amplifier can give, the current is overloaded. An RC circuit
is analyzed to show when the 40mA maximum current of the Kepco amplifier is reached,
and the possible benefits of including series resistors.
Consider an RC circuit with a series resistor and the piezoceramics represented as a
capacitor.
R, series resistor
V rC, piezoceranucV +
Figure 5-3: RC circuit
The impedance of a capacitor is dependent on the driving frequency,
Xc = -  (5.1)
wC
where Xc is the impedance of the capacitor, j is /--, w is the voltage driving frequency
in rad, and C is the capacitance in Farads. Combining the resistance and capacitance to
an equivalent impedance, the current through the circuit can be found.
Z = R + Xc (5.2)
I = (5.3)
where Z is the Norton equivalent impedance and I is the current through the circuit. The
magnitude of the voltage on the capacitor (phase is not important to the analysis) is simply,
1
Vc = IXc = V (5.4)V 1 + (RwC)2
There are two competing effects for increasing the resistance. Equation 5.3 shows the
current will be reduced, allowing the power amplifier to provide higher voltages and/or
higher frequencies. However, Equation 5.4 shows the voltage across the capacitor will be
decreased for large resistances. This is no surprise since the voltage across capacitors in RC
circuits have been often used as low pass filters [23]. The trick is to find a resistance value
that will result in an acceptable current but not lose a significant portion of the voltage
to the piezoceramic. Figure 5-4(a) shows that a 50nF capacitor (the measured value of
two piezoceramics in parallel) cannot be actuated with 150 V beyond 850 Hz without the
amplifier reaching the current limit of 40mA. The inclusion of a 2000 Q series resistor is
required to bring down the driving current for a frequency of 1000 Hz. Figure 5-4(b) shows
the loss of voltage to the capacitor for no resistor and a 2000 Q resistor up to 1000 Hz
frequency. The voltage loss with a 2000 Q resistor is significant and drops to 85 percent of
its input value at 1000 Hz.
Due to complications of the voltage loss across the capacitors, the resistance in the RC
circuit is set to zero. No series resistor is included in the circuit. Although the actuation
frequency is limited to 850 Hz, it is deemed close enough to 1000 Hz to be able to perform the
tests. However, it must be emphasized that all of the tests performed in this thesis are for a
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Figure 5-4: Results of RC circuit analysis with 150 Volt sinusoidal input and a capacitor of 50nF.
single spar with two piezoceramics. Two spars, and consequently twice the capacitance, can
not be driven by a single Kepco power amplifier beyond 425 Hz. Either multiple amplifiers
will have to be used, or a series resistor will need to be included.
Strain Gages
The strain gage conditioning amplifier used is the Measurements Group, Inc 2310 series. A
breakout box was designed and built to accomodate a precision 120 Q resistor. A switch on
the breakout box alternates between the precision resistor and an external strain gage. By
noting the values that the amplifier produces for the 120 Q resistor, problems within the
amplifier can be isolated from problems with the strain gage, which is an important tool
for long term tests such as creep.
Three types of strain gages from Measurements Group, Inc. were used in testing. The
CEA-06-500UW-120 gages have a long active length (15mm) and are used to cover the
piezoceramic surface to both measure strain and detect cracks. The EA-06-031DE-120
gages are used as transverse gages because their length is well within the 9mm coupon
width. The EA-06-125AD-120 gages were an appropriate size to use on the composite
surface.
Laser Displacement Sensor
The Keyence LB-72 laser displacement sensor was set to a 3kHz response speed, 50 micron
resolution, and has a measurement range of +10mm. The laser was calibrated by comparing
the output voltage to known thickness inserts. The data and the best fit line are shown in
Figure 5-5. The constant in the best fit line is an artifact of experimental measurement and
is ignored.
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Figure 5-5: Laser calibration curve
Dynamic Load Cell
The PCB dynamic force transducer Model 208A04 operates at a maximum 500 lbs tension
with a 0.02 lbs resolution. It was connected in series to the MTS machine using two 10-32
screws on the top and bottom surface of the PCB load cell.
MTS machine
An MTS Series 810/812 100,000 lb load machine with possible auxiliary 2000 lb load cell
is controlled with an Instron Model 8500 PLUS Dynamic Testing System.
5.4 Creep Test
This test investigates Goal 1(a), the loss of precompression of the piezoceramics through
bond relaxation and uses coupon type A, [±20]6sym, for static tests and coupon type B,
[+20],,sym, for dynamic tests.
The Epotec 301 bond layer held the initial precompression on the piezoelectric material
bonded to a graphite-epoxy spar. Figure 4-11 shows that the bond layer holds -1310 pE on
the piezoceramic when it was bonded with an applied compression of -1550 pIc. The loss of
140 pE with release of the compression is due in part to the piezoceramic compressing the
composite and in part due to bond relaxation. To assess the amount the bond layer relaxes
with time, static and dynamic creep tests were performed.
5.4.1 Static Creep
Two spars (four piezoceramics) were left sitting free and periodic measurements were taken
from surface strain gages. To account for amplifier drift, gain or other amplifier problems,
a breakout box was designed with a switch to 120Q precision resistors. Switching between
test gages and the precision resistors allows for assessment of the amplifiers independent of
the strain gages.
The level of creep is illustrated with strain gage readings on the top and bottom piezo-
ceramic surfaces of coupon type A, [±20]6,,,sym. See Figure 5-6. The testing environment was
far from ideal. Given the small number of specimens available, the creep specimens were
also used in other tests and handled during preparation. They were actuated in benchtop
tests, were jostled, had bonding tabs attached, and were without power for the few minutes
between equipment changes.
All of the tests showed small jumps in the strain gage results of nearly 20 pE. Some of
the jumps were due to the handling of the specimens. Other jumps were seen when the
amplifiers were checked; it is theorized that a small amount of static electricity buildup
accumulated over several weeks and discharged when tested. When tested with the 120Q
precision resistors, none of the amplifiers showed any changes over the months of testing.
The conclusion from the static creep test is that the static creep of the bond is small, even
with the rough handling that occurred during the many months of testing. The fluxuations
were all within 100 pc, and the -1000 pc requirement was easily held on the piezoceramics.
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Figure 5-6: Creep of precompressed bond layer
Further, short term creep data was taken from all of the precompressed specimens at time
scales near a few days to a few weeks. None of these specimens showed any significant creep
of the precompressed bond.
5.4.2 Extended Dynamic Actuation
The precompression held by the bond layer is also tested under cyclic loads. By cantilevering
the coupon type B, [±20]sym specimen (discussed in Chapter 5.5) the piezoceramics were
actuated with opposing sinusoidal voltages to induce bending. The surface strains of the
piezoceramic and the tip deflection are measured. Two frequencies of actuation were chosen
to maximize the possible damage. A 60 Hz frequency was chosen to be near the 70 Hz
resonance for large strain and response actuation, and a 500 Hz actuation was chosen to as
a high frequency loading. The input voltage is 150 V (590 V/mm). The time for each test
was eight hours of continuous actuation, but changes noticed in the 60 Hz tests motivated
a 24 hour test time to see the changes over a larger time period. Ten cycles of data were
collected every 15 minutes.
Figures 5-7(a), 5-7(b) show the precompression strains during actuation. The 60 Hz test,
Figure 5-7(a), indicates no noticeable change in the level of the 680 PE precompression. The
500 Hz test, Figure 5-7(b), shows a slight loss of about 1.5% of the precompression on the
piezoceramic. The loss is too small to be of concern.
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Figure 5-7: Mean compressive strain during actuation
5.4.3 Piezoelectric Creep
In addition to the cyclic loss of precompression, the extended dynamic actuation test also
indicates creep of the piezoceramic actuation properties. However, for vibratory actuation
above 0.1 Hz, piezoelectric creep can safely be ignored, even in long term applications [30].
Figures 5-8(a) and 5-8(b) show the strain readings on a piezoceramics during the long term
actuation, and the decrease in actuation, although measurable, is too small to be of concern.
5.5 Benchtop Actuation Test
This test investigates Goal 2(b), the frequency response of cantilevered coupons and collects
data for Goal 3, the finite element development presented in Chapter 6. All of the coupon
types are used, A [±2016sym, B [+20]ym, and C [0/90]sym.
5.5.1 Setup
The experimental setup for the benchtop actuation experiment is shown in Figure 5-9
and 5-10. Eight coupons (four of coupon type A, two of B, two of C) were tested. One
end of the coupon is clamped to steel blocks such that the piezoceramics have close to a
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Figure 5-8: Actuated strain (the -680pe compression was subtracted)
clamped boundary condition. There is approximately a 5mm distance between the end of
the piezoceramics and the clamped edge to avoid crushing the kapton electrical leads. The
opposite end of the beam is left free and its tip deflection is measured by the laser sensor.
frequency dependent laser
voltage in ut tip displacement
measurement
fiberglass Piezoceramic
composite beam
steel block Piezoceramic
strain gages
clamp
Figure 5-9: Frequency response test setup. Top view.
A LabView program was written to simultaneously actuate the piezoceramics and mea-
sure the response with strain gages on the surface of the piezoceramics, and a tip displace-
ment laser probe. The magnitude of the sinusoidal input voltage must be below the 250 V
coercive field to avoid repoling and is arbitrarily set to 150 V.
The frequency of the applied voltage was stepped through 25 Hz increments up to 400
Hz for the 4 ply coupons (to obtain the first two modes) and to 850 Hz for the 24 ply
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Figure 5-10: Experimental frequency response setup.
coupons (the theoretical limit of the power amplifiers), with additional frequencies tested
near resonances. At each frequency, ten cycles were saved. Transient effects were eliminated
by allowing the beam to vibrate for at least 1 second before saving the measurements.
5.5.2 Results
The ten cycles of the output were filtered with a Butterworth low pass filter at three times
the driving frequency to eliminate noise. The filtered wave peaks and valleys were identified
with a LabView function and averaged to obtain a single number for each tested frequency,
the tip displacement magnitude.
The transfer function between the frequency of applied voltage and the longitudinal
strain, transverse strain, and tip displacement magnitude are shown for the 4-ply specimen,
coupon type B [+20]sym, in Figure 5-11. The data points are shown for the tip displacement
plot but are ignored for the strain plots to better see the trend. The first mode was
found experimentally to be at 73 Hz and the second was found to be at 245 Hz. The
transfer function for a 24-ply specimen is shown in Figure 5-12. Only the first resonance is
investigated before the power of the amplifier is reached just beyond the driving frequency
of 600 Hz.
Measuring the tip displacement of the coupons for different frequencies of input voltage
has two uses. It provides a set of data to be used for finite element model development
(Chapter 6), and acts as a damage comparison for pulled coupons in the next section.
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5.6 Tensile Test
This test investigates Goal 1(b), the failure strain of the adhesive bond layer, and Goal
2(a), the failure strain for compressed and uncompressed piezoceramics. It uses the coupon
type A, [±20]6sym.
Four coupon specimens are statically loaded in an MTS tensile machine to three different
load levels and tested dynamically after each test to assess the level of strains the coupons
can experience without failure. Failure is defined as the loss of actuation of the piezoce-
ramics, which can be due to a number of possible effects, such as piezoelectric debonding,
piezoelectric cracking or composite failure. The first strain level was set near but below the
piezoceramic nominal failure strain at 2000 pE. The second strain level was set at 3500 pC,
well above the predicted piezoceramic failure strain level, and the last strain level continued
until composite failure. After each test a transfer function between frequency of applied
voltage and the tip displacement response was found and compared to the baseline transfer
functions (in Section 5.5) to identify damage.
One inch fiberglass bonding tabs were attached to the ends of the spars before inserting
into the MTS grips. The grip pressure was lowered to between 200 and 300 psi to keep
from crushing the bonding tabs. During the .001-inch-per-minute ramp, longitudinal and
transverse strains on the surface of the piezoceramic pack and on the surface of the com-
posites were measured. Each strain level was held for 5 minutes. After the tensile test, the
bonding tabs were removed and the excess epoxy cleaned off with a razor blade to keep the
extra mass from effecting the frequency response.
The level that the piezoceramics could withstand load without visible damage was higher
than expected. The transfer functions of a specimen with no applied strain compared to
the transfer functions after being pulled to 3500 pE are shown in Figure 5-13. The static
actuation remains unchanged. The resonant frequency is shifted up by 10 Hz, but may
be due to the imprecise recreation of the boundary conditions. Other specimens had a
resonance shift on the order of 10 Hz between tests, which is also attributed to clamping
conditions that were not exactly matched.
The tensile failure of the brittle piezoceramics is rated near 2000 p and yet the piezo-
ceramics withstood above 4000 pc before the glue layer debonded. Surprisingly, no cracks
were observed in the piezoceramics. It is difficult to assess the actuation properties for a
103
4
10
3
E 10
E
C,
E 2
- 10
- not pulled
- - pulled 3500 microstrain
010
0 100 200 300 400 500 600 700
Frequency, Hz
Figure 5-13: Transfer functions for coupon A, [±20]6sym. Each test was performed after the
specimen had been held at the indicated strain level.
broken coupon, since the frequency analysis can no longer be performed. However, since in
all but one case the composite failed away from the piezoceramics and the piezoceramics
were not visibly damaged, capacitive measurements can be used as a metric of actuation.
There were no measurable changes in the capacitance before and after the tensile tests and
it is concluded that the actuation was not effected by the strains. The high strength ob-
served of the piezoceramics may be due to the kapton leads, which cover the surface with
a flexible adhesive and polymide covering. It is speculated that this protective covering
extends the failure to more than twice what is expected for a piezoceramic without kapton
leads.
The purpose of precompression is to protect the piezoceramics operating under high
strains. However, the high strains were not observed to damage the piezoceramics even
for those significantly beyond the nominal failure strain of the piezoceramics, and the need
for precompression is questioned. However, further investigations on this issue are needed
before a firm conclusion can be reached.
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5.7 Actuation Under Loading Test
This test investigates Goal 2(c), the piezoelectric actuation authority under loads, Goal
1(b), the bond strength, and Goal 2(a), the failure of the compressed and uncompressed
piezoceramics. The coupon types used are B, [±20]sym, and C, [0/90]sym. Perhaps the most
important test presented in this thesis, the Actuation Under Loading test characterizes the
piezoceramic under simulated operating conditions of the final test rig.
Precompression is used to extend the operating strain of the piezoceramics beyond their
nominal failure strain. However, the actuation properties of piezoceramics are sensitive to
stress. These nonlinearities are investigated by measuring the actuation under a series of
tensile loads for both precompressed and uncompressed coupons. The motivation for the
two different layups is to address the perceived limitation in the literature for piezoceramics
property changes under biaxial tensile loads, reviewed in Chapter 4.5. With different Pois-
son's ratio's, 1.23 for Coupon B and .04 for Coupon C, the two layups experience different
transverse stresses for identical tensile stresses. As the coupons are pulled to the operating
strain levels of the Active Rotor, the influences of the loading conditions and precompression
on actuation are investigated.
5.7.1 Setup
The experimental setup is shown in Figures 5-14, 5-15. One end of the coupon is held by
the lower MTS grips with between 200 and 300 psi. The upper end of the coupon was held
in a connector to the PCB dynamic load cell. To accommodate a connector to the dynamic
load cell, the upper bonding tabs were sanded from1 inch thick fiberglass to a 300 angle and
bonded with 5 minute epoxy. The steel connector was designed and manufactured using a
milling machine located in the Gas Turbine Laboratory at MIT. The angle of the connector
holder was designed to a 300 interior angle and a screw hole was tapped to accommodate
the PCB load cell screw. Outer dimensions of the connector are 63.5 mm (2.5 inch) width,
101.6 mm (4 inch) high, and 25.4 mm (1 inch) thick. The PCB dynamic load cell screwed
flush to both the steel specimen connector and the connector to the 2000 lb load cell.
The MTS machine, in position control, was used to pull the coupons in tension. The
piezoceramics were actuated at 150 V, at 1 Hz, and the resulting force was measured by
the PCB dynamic load cell. The actuation frequency, 1 Hz, was chosen to be quasi-static
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Figure 5-14: Schematic of Actuation Under Loading Test
to the piezoceramic but still dynamic enough to be measured by the PCB dynamic load
cell. The strain measurements were also a measure of actuation, but were mainly used for
alignment assessment.
The piezoceramics were actuated together in extension, and also individually to obtain
a comparison of the two piezoceramics at each load. The extensional test is used as the
measure of actuation since it eliminates bending effects. Each load was tested twice and at
5 lb between each test'. Incrementing the load by a corresponding strain level of 500 Ce,
the load levels tested were near the following, 5, 50, 5, 50, 5, 100, 5, 100, 5, 150, ... 450 lb
or failure. The MTS machine used a stroke increase rate of .001 inches per minute.
5.7.2 Alignment Issues
Pure extension of the specimens was difficult to obtain, and bending during the loading and
unloading of the specimens was visible. Aside from placing the front and back piezoceramics
1The load on the coupons could not be brought to zero load because the load cells would be ineffective.
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Figure 5-15: Experimental Setup of Actuation Under Loading Test
under different stress conditions, a coupon under bending will not be directly comparable to
coupons in pure extension. Bent specimens will experience a loss of actuation as a function
of the applied load due to a membrane stiffening effect.
The alignment was measured with opposing strain gages on the surface of the piezoce-
ramics and the composite. Figure 5-16 shows a load-strain curve for the strain gages on the
composite and the piezoceramics. As expected, the piezoceramics add stiffness to the thin
beams and the piezoceramic-composite section has a smaller slope than the pure composite.
In general, the difference between the strain gages on the front and the back indicate the
bending state. An exception to that rule is if the unloaded specimen is bent and the gages
are zeroed with an offset. Thus for a constant difference of the strain gages over a large load
range, there may be no bending. Figures 5-17(a) to 5-17(d) show the differences for the
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Figure 5-16: Static strain readings on the composite and piezoceramics showing alignment.
four Actuation Under Loading test specimens. There does not appear to be any consistent
trend among the bending states of the specimens. Different specimens showed different
bending conditions. Figure 5-17(b), 5-17(d) both show constant strain differences with the
composite having a much smaller difference than the piezoceramics. Figure 5-17(a) has an
increasing difference in the piezoceramic gages with the composite gages almost exact, and
Figure 5-17(c) has a decreasing difference in the composite gages with the piezoceramic
gages almost exact.
For very different bending states, the results appear to give consistent trends, and thus
the bending effects are assumed small for this study. Further tests will need to address the
observed bending effects. Possible sources of bending include the misalignment of the MTS
grips, initial curvature in the coupons introduced during the bonding of piezoceramics to
the composite spar, motion within the series of connectors between the two load cells, or
inconsistent crushing of the fiberglass bonding tabs. It is noted that the strain readings
were repeatable during the many tension and release cycles. The thin specimens (4 ply at
.5 mm) are responsive to small bending loads and care will have to be taken to eliminate
the observed bending.
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5.7.3 Results
In presenting the Actuation Under Loading test data, it is useful to separate the external
or mechanical loading from the actuated or piezoelectrically-induced loading. Figure 5-18
shows an example of the type of data gathered during the test. The plot shows three different
applied external loads and the piezoelectrically-induced actuation at each applied load. The
variables chosen to plot from the data are the actuated load versus the mechanical applied
strain. The actuated load is a measure of the output of the piezoceramic, regardless of the
stiffness of the composite between the piezoceramic and the PCB dynamic load cell, and
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Figure 5-18: Explanation of Actuation Under Loading variables.
The ten cycles of the sinusoidal actuated load output were first subtracted from the
mechanical loading and then filtered with a Butterworth low pass filter at three times the
driving frequency to eliminate noise. The filtered wave peaks and valleys were identified
with a LabView function and averaged to obtain a single number for each tested frequency,
the actuated load magnitude.
The actuation for the sinusoidal voltage input versus the tensile strains measured on
the surface of the piezoceramic is shown for precompressed and uncompressed coupons in
Figure 5-20, for coupon type C, [0/90]sym and in Figure 5-21, for coupon type B, [+20]sym.
The initial 650 pE precompressive strain on Coupon C and 750 puc precompressive strain
on Coupon B was subtracted from the applied strain from the MTS machine to allow for
a direct comparison between the precompressed and uncompressed coupons. The error
bars indicate the standard deviation of the four trials; two were taken at a given load, the
specimen was unloaded, and then two more were taken at the same repeated load.
The Actuation Under Loading test data is presented in five sections: (1) the biaxial
loading of the different coupon types, (2) the general trend of piezoelectric response to
tensile loads, (3) the actuation property recoveries for mechanical loads well below failure,
(4) the effect of precompression on strength for mechanical loads near and above failure,
and (5) the residual actuation after loading.
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Biaxial Loading
With different Poisson's ratios, 1.23 for Coupon B and .04 for Coupon C, the two layups
experience different biaxial loads for identical tensile loads. Figure 5-19 shows the static
transverse strains experienced by the two coupons over the range of applied loads. Possible
effects of this loading will be presented in the following sections.
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Figure 5-19: Transverse strain readings on the composite
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Piezoelectric Actuation with Tensile Loads
As the coupons are pulled in tension, there is a general trend (Figures 5-20, 5-21) that
is consistent among all of the specimens. The actuation authority first increases, peaks,
and then decreases for higher tensile strains. Although tensile properties are inferred from
the literature to improve actuation, (Chapter 4.6) the cause of the decrease of actuation is
currently speculative and more testing needs to be completed to fully characterize the effect.
One possible explanation is that increasing tensile loads first helps but eventually hinders
domain movement. A second explanation is microcracking. Since the actuation decrease
occurs near the nominal failure strain for piezoceramics, microcracks in the piezoceramic
may be growing and causing the loss in actuation. Release of the load brings the cracks
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together, and results in the small change in residual properties. Depoling is not considered
to be an option because upon the release of loading the residual properties are only slightly
degraded, not enough to explain the large decrease at high tensile loads. Since most of
the results include only a single specimen, the conclusions cannot be stated with great
confidence until more tests are performed.
Actuation Property Recovery
The results for the coupon type C, [0/90]sym, specimens are shown in Figure 5-20, with the
650pc precompression level subtracted from the mechanical strain. Thus the x-axis shows
the applied loading from the MTS machine and does not reflect the total mechanical strain
for the precompressed specimens. Plotting the precompressed and uncompressed specimens
versus the same simulated load as seen by the Active Rotor allows for direct comparison of
the effects of precompression. With zero static strain on the coupons, the precompressed
actuation is less than the uncompressed coupon actuation, as is expected from the stress
dependence of actuation discussed in Section 4.6. Immediately upon pulling the specimens
the actuation properties increase. Strangely, the compressed properties, expected to be
shifted by the amount of 650pe precompression, is shifted by much less, near 200/e. Thus
a specimen compressed to 650pE and released to a compression of 450pe will have the
same actuation properties as an uncompressed specimen, even though it is still under 450pE
compression. This is in direct contradiction to the uniaxial compressive tests (reviewed in
Chapter 4.6) which do not recover full properties even under full compressive load release.
Releasing the compression to OpE (650pc in Figure 5-20), the specimen will have a larger
actuation than an uncompressed specimen. These unexpected effects could be due to the
biaxial loading and boundary conditions of the [0/90]sym specimens. The Poisson's Ratio of
0.04 for the composite in relation to the Poisson's Ratio of .3 for the piezoceramic essentially
eliminates transverse loading from the tensile test, but attempts to constrain the natural
transverse contraction of the piezoelectric material when it is pulled. Biaxial loads are
theorized to cause the unusual property recoveries. Since each test consisted of a single
specimen, more tests will have to be performed before definite conclusions can be drawn.
The results for the coupon type B, [+20]sym, specimens are shown in Figure 5-20, with
the 750pw precompression level subtracted from the mechanical strain. Similarly to the
previous plot, the x-axis shows only the applied mechanical strain from the MTS machine.
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Figure 5-20: Actuation under static tensile load for coupon type C [0/90],ym.
At zero static strain on the coupons, the precompressed coupons are expected to have a
lower actuation than the uncompressed coupons. Although coupon type B-2 fits the trend
with a smaller actuation than the uncompressed specimen, a second compressed specimen,
B-1, has a larger actuation than the uncompressed specimen. The reason for this anomaly is
unknown. Upon loading, both the compressed and uncompressed specimens quickly reach
the same response. It was expected that the precompressed curves would be shifted by the
amount of precompression, but instead the precompression appears to have no effect on the
actuation of the [±20]sym coupons. Again, the effect is attributed to the biaxial loading
and boundary conditions of the [±20]sym specimens. The Poisson's Ratio for the composite
is much larger than the Poisson's Ratio for the piezoelectric material, 1.23 versus 0.3. Thus
the tensile test introduces large transverse loads, which may dominate over the effects of
longitudinal precompression.
Effect of Precompression on Strength
Surprisingly, none of the piezoceramics seemed to fail near their nominal failure strain of
2000p. In fact, none of the piezoceramics failed before the composite spars failed, which
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Figure 5-21: Actuation under static tensile load for coupon type B [±20]sym.
at times reached 3500pE2. This piezoceramic strength extension is assumed to be due to
the Kapton electrical leads that are bonded to the surface. Coating the piezoceramic with
a flexible adhesive and polymide covering may protect the piezoceramic under high strains.
Further, the packaging may allow microcracks to grow in the piezoceramics without total
loss of actuation.
Slightly before the 2000luE nominal failure strain of the piezoceramics, the Coupon C
specimens (Figure 5-20) show a degradation of actuation. As discussed previously, the rea-
sons for this decrease are unknown. However, noting the differences between the precom-
pressed and uncompressed losses still gives an assessment of the benefits of precompression.
Although the release of compression (from 0 to 650pc of the x-axis of Figure 5-20) did not
show the expected shift by the 650p precompression, the loss of actuation (from 1500 to
2800 pE) shows a shift closer to the expected 650pE. Thus the precompressed specimen
has a useful extension nearly equal to the value of precompression. It is emphasized again
that these tests are for single specimens, and conclusions must be backed up by further
experiments.
2The composite strains were higher than the piezoceramic-composite section strains as seen in Figure
5-16 and failed at expected values of near 4500pc.
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The Coupon B specimens (Figure 5-21) begin to lose actuation after the 2000PE nominal
failure strain of the piezoceramics. The compressed and uncompressed specimens have the
same level of actuation before the loss (near 2000pe), but after the loss the two compressed
specimens show a divergent behaivor. The uncompressed specimen failed prematurely and
its full trend was not fully tested. However, the loss of actuation appears less severe than
the loss for the Coupon C specimens. From the available data, there does not appear to be
any appreciable gain for using precompressed piezoceramics with Coupon B specimens. It is
speculated that the large transverse stresses resulting from the ±200 fiber angles dominate
the piezoceramic response and the level of precompression goes unnoticed.
Residual Actuation Properties
Between each loaded test, the coupon was unloaded and tested at a tensile force of 5
lbs to identify damage and residual effects. Although there was no obvious failure of the
piezoceramics even at the highest loads, there was a slow degradation of actuation. Figure 5-
22 shows the actuation as a function of the strain seen by the piezoceramics. The actuation
is normalized by its first measured value to allow for direct comparisons of the different
specimens.
The two uncompressed specimens (Figure 5-22(a), 5-22(c)) show a constant decrease
of actuation after they had been exposed to higher and higher tensile strains. The two
precompressed specimens, (Figure 5-22(b), 5-22(d)) show a temporary increase in residual
properties which eventually degrade to match those of the uncompressed specimens. The
initial increase in residual actuation for the compressed specimens is unexpected. It is
theorized that some of the actuation degradation is due to creep effects of sustained com-
pression, such as the many days the piezoceramics were precompressed before the test was
performed. Once the specimen was released from compression, and then returned to its
precompressed state and tested, there was not enough time for the piezoceramic to creep
to its lower level of actuation. Aging effects under static loads require 300 seconds to reach
a constant value [2]. The tests were not held for the entire 5 minutes, but aging appears
to only be different for the first few load levels reached and released by the compressed
bonds. More testing needs to be done to understand the residual actuation increase for the
precompressed specimens.
Both specimens of coupon type B lose around 20% actuation with respect to the un-
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loaded specimen, and both specimens of coupon type C lose around 10%. The residual
actuation loss could be due to a number of factors such as plastic strain of the bond layer,
partial depoling of the piezoceramics, or microcracks within the piezoceramics. The differ-
ence in the losses between the two layups may suggest that the transverse stress state is
the cause of the loss differences, although the mechanism is unknown.
1000 2000 3000
Mechanical strain seen by piezoceramics, gLE
(a) Coupon type B, Uncompressed
U,0 1000 2000 3000
Mechanical strain seen by piezoceramics, y[E
1j
- 0.8
<0 6
N
M 0.4E
z
0.2
4000 0
-o
O.8
S?
,0.6
a,
N
c" 0 404
oz
100 200 300
1000 2000 3000
Mechanical strain seen by piezoceramics, gei
(b) Coupon type B, Precompressed
0.2F
0 L4000 0
(c) Coupon type C, Uncompressed
1000 2000 3000
Mechanical strain seen by piezoceramics, e
(d) Coupon type C, Precompressed
Figure 5-22: Residual actuation at 5 lbs after testing at indicated strain level.
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5.8 Summary
Four tests were performed to assess the use of piezoelectric materials under the high strain
conditions of the Active Rotor. The protection of the piezoceramics by precompression
and the bond attachment were investigated. Although more work is left to be completed,
the first two goals (Section 5.2) to characterize the bond layer and the piezoceramics were
reached without complications and appear to be satisfactory for the use in the Active Rotor.
The third goal, verification the finite element NASTRAN/PATRAN actuation predictions,
will be discussed in the following chapter.
The Creep test of the precompressed bond layer investigated bond relaxation under
static and dynamic conditions. There was negligible precompression loss and actuation
potential loss even after experiencing testing conditions.
The Benchtop Actuation test actuated the cantilevered coupons in bending. The transfer
functions between the tip deflection and the frequency of applied voltage was obtained and
used as a baseline for damage for the tensile test and for finite element comparisons in
Chapter 6.
The Tensile test revealed that the large strains predicted during the operation of the
Active Rotor do not damage the piezoceramics packaged within the kapton leads. Surpris-
ingly, the piezoceramics packaged in the kapton leads did not visibly break at the expected
2000pE, but lasted beyond the bond failure. Only one specimen in any of the tension tests
(including the Actuation Under Loading test) had a piezoceramic crack and it is expected
that there was a flaw in the composite because that is where final failure occurred. The
precompression may not be needed for strength purposes since the piezoceramics did not
fail under large tensile strains and thus may not need protection.
The Actuation Under Loading test simulates the specific loading conditions of the Ac-
tive Rotor Blade to measure the piezoelectric property changes as a function of applied
mechanical tensile strain. A "hump" was found. The piezoceramic actuation was seen to
increase and then decrease with increasing tensile strains. The property recovery at low
applied strains for the precompressed specimens was higher than expected, and does not
show a permanent degradation as in previous uniaxial compressive work. The results are
attributed to the biaxial stress conditions. The high strength of the piezoceramics noticed
in the Tensile test was also observed. No piezoceramics were observed to crack or fail even
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when loaded to strains well beyond their failure strain. It is speculated that the epoxy and
Kapton coating on the piezoceramic surface allow microcracks to grow at high strains, but
then join together with the release of the load.
The residual actuation properties after each mechanical strain level reached show two
trends. Identical layups showed a similar loss of actuation (20% for coupon type B, 10%
for coupon type C), and the precompressed specimens showed an initial increase in residual
properties before degradation. This increase is attributed to aging of the material at high
compressive stresses. During the test, there may not have been sufficient time for the
properties to fully degrade to pretest values. Since most of the Actuation Under Loading
test results are based on a single specimen, the conclusions reached are speculative and
more tests need to be done to verify its assertions.
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Chapter 6
Finite Element Model
Development
Finite element (FE) modeling is an important tool for the Active Rotor project. In addi-
tion to providing initial concept justification and motivating a series of experiments, later
generations of the model are expected to be used in a more complete design study, and
to accurately predict structural and fluid response of a centrifugally and aerodynamically
loaded Active Rotor with piezoelectric actuation.
The FE model presented in Chapter 2.4 provides an assessment of the Active Rotor con-
cept. Predictions for the composite spar stresses, the twist actuation, and the piezoceramic
strains were necessary before a significant investment could be made in the project. The
composite spar stresses and twist actuation predictions were within the set requirements,
but the piezoceramic strains were predicted to be beyond failure. The need for protection
of the piezoceramics lead to several coupon experiments. An additional benefit to these ex-
periments, beyond the original intent of characterizing the piezoceramics and attachment,
is to provide data for FE model verification and development. By modeling the experiment
and comparing the predictions to the experimental results, the model of Chapter 2.4 can
be updated, and perhaps lead to important, but overlooked, modeling considerations.
Two key modeling areas that can be addressed by the frequency response experiment
of the cantilevered spars from the Benchtop Actuation Test (Chapter 5.5) are composite
spar modeling and piezoelectric actuation modeling. The transfer function between the
frequency of applied voltage to the piezoceramics and the resulting tip deflection of the
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cantilevered coupon spar is used as a comparison between the model and the data. Figure
6-1 shows an example transfer function and the values that are used in the comparison. The
natural frequencies ('la', 'Ib') are used as a comparison for the composite spar modeling
and the static deflection ('2') is used as a comparison for the actuation modeling. All of
the coupon types, A [±2016sym, B [±2018ym, and C [0/ 90]sym, including compressed and
uncompressed specimens, are modeled and compared to data.
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Figure 6-1: Example transfer function indicating measures of comparison to finite element model.
Composite spar modeling results are compared to natural frequencies, labeled 'la',
'lb'. Piezoelectric actuation results are compared to the static tip deflection, labeled
'2'.
Since the natural frequencies of the coupon depend only on the geometry (including
boundary conditions) and material properties of the coupon and not on the level of piezo-
electric actuation, the natural frequencies of the model are solved first. Once the spar model
dynamics are modeled, the piezoelectric actuation parameters are updated, the resulting
static tip deflection predictions are found and the FE model transfer functions are compared
to experimental data.
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6.1 Coupon FE Model
Since the goal of the finite element development is to provide verification for the final NAS-
TRAN/ PATRAN Active Rotor model, steps were taken to use similar modeling procedures
in the coupon models that must be used in the final model. The Active Rotor composite
spars are designed as a tapered beam of length 189.mm (7.44 in) with root dimensions
identical to Coupon A, [+20]6sym (3 mm x 9 mm, .118 in x .354 in), and tip dimensions
identical to Coupon B, [±20]sym (0.5 mm x 9 mm, .020 in x .354 in). The largest difficulty
in modeling the Active Rotor spar is the choice of appropriate elements.
The geometry of the Active Rotor composite spars have one dimension that is much
larger than the other two. By taking advantage of the dominant dimension, the spars can
be simplified from a complete three-dimensional structure to an idealized one-dimensional
model. This idealization simplifies the mathematical formulation of the problem, provided
the behavior of the eliminated two dimensions can be captured. This is difficult for com-
posite materials. However, a recently developed software, Variational-Asymptotical Beam
Sectional Analysis (VABS), can calculate stiffness and warping matricies for a general,
nonhomogeneous, anisotropic beam cross section [11, 10]. Although it is an attractive
solution, much of the future work relies on the features of the commercial code NAS-
TRAN/PATRAN and modeling the coupon experiments with VABS will not help to develop
the existing FE model. Attempts to implement the stiffness matrix generated by VABS into
the beam elements provided by NASTRAN/PATRAN has been unsuccessful. Without a
convenient method of modeling composite materials as one-dimensional beam elements in
NASTRAN/PATRAN, higher order elements are investigated.
Plate elements are standard for modeling composite materials, and NASTRAN/PATRAN
incorporates its own version of Classical Laminated Plate Theory to calculate laminate ma-
terial properties from ply material properties. Plate elements are generally used under the
rule that the smallest dimension has at least a 1:10 ratio to the other dimensions. However,
the cross sectional root dimension for the Active Rotor spar and Coupon A [±20]6sym of
3 mm x 9 mm (.118 in x .354 in) has a 1:3 ratio, and yields inaccurate results. Analysis
of thick spars modeled with plate and solid elements show that the NASTRAN/PATRAN
plate elements cannot be used for these dimensions.
Solid elements modeled at the ply level provide the fewest assumptions and give the
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most accurate results. The three-dimensional orthotropic ply properties can be individually
entered for each ply orientation, and the material does not have to be assumed to be made
of a single combined material. However, unless a high level of detail is required, modeling
each ply is avoided. The large number of elements necessary to generate the mesh can
increase the computing cost to unreasonable levels.
Given the benefits and hazards of the three basic finite element types (beam, plate,
solid) available to the Active Rotor, the solid elements were chosen to model each ply layer.
Special attention is given to keeping the size of these models small in an attempt to keep
the computing time low.
The model of the cantilevered Coupon A [±20]6sym was generated with close to 10,000
CHEXA solid elements. Additional solid elements for the piezoceramics were included on
the top and bottom surfaces of the composite spar. The fixed end boundary condition
constrained all of the edge nodes from any displacements. A top view is shown in Figure
6-2, and a close up of the through-thickness mesh is shown in Figure 6-3. The models of
Coupon B [±20]sym and Coupon C [±20]sym were of similiar dimensions except the number
of through thickness layers is four instead of 24, reducing the total number of elements to
close to 1500 solids.
fixed end free end
location of top and
bottom surface bonded
plezoceramics
Y
Figure 6-2: Front view of solid mesh for cantilevered finite element model of Coupon A [20]6sy
Figure 6-2: Front view of solid mesh for cantilevered finite element model of Coupon A [±20]6sy,,,
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Figure 6-3: Close up of corner mesh for cantilevered finite element model of Coupon A [±20]6sym.
6.2 Modeling Natural Frequencies
6.2.1 Material Properties
The graphite-epoxy material properties of the composite spars, Hercules AS4/3501-6, are
shown in Table 6.1. Although testing was not done to directly verify the manufacturer's
supplied properties, the Tensile test (Chapter 5.6) and Actuation Under Loading tests
(Chapter 5.7) produced measurements of laminate extensional properties. The coupon type
B, [±20]sym, and coupon type C, [0/90]sym, layups were within 5% of the manufacturer's
predicted value. However, the stiffness measurements for coupon type A, [±20]6sym, resulted
in values that were much lower than expected. It is worth noting that the material used for
Coupon A was taken from a different roll of prepreg then the ones used for Coupon B and
Coupon C. Using CLPT and the AS4/3501-6 properties, the equivalent engineering stiffness
is predicted to be 96 GPa for +200 fiber angles. The measured value of the 4 specimens
is near 83 GPa, which is 15% lower than expected. Since AS4/3501-6 graphite-epoxy ply
properties have reported stiffness values as low as E 1=124.8 GPa [14], the low stiffness of the
coupon type A specimens is attributed to material inconsistancies. To account for the low
stiffness measurement, the nominal value of El is changed to 120GPa, and the other values
presented in Table 6.1 are used without alteration. It is noted that this stiffness reduction
is only an estimate of the effective material properties, and the material should be further
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tested for its basic stiffness constants. Coupon type B and C's properties correlate well
with the manufacturer's supplied properties and are used directly.
Table 6.1: Material Properties for Hercules AS4/3501-6 graphite-epoxy
6.2.2 Thickness Reduction
Since manufacturing of polymer-matrix composite materials involves curing of an epoxy
around reinforcing fibers, usually in a mold or under pressure, there is not always complete
control over the flow of resin. One effect of the curing process (this thesis follows the cure
procedure in [29]) is that the cured specimens may have a thin layer of epoxy coating the
surface. The epoxy layer increases thickness without an appropriate increase in stiffness or
load carrying capability [33], and can have a significant impact on the calculation of natural
frequencies and static deflection for composite plates [4].
Table 6.2: Thickness of several laminates of AS4/3501-6, measured with the epoxy layer (actual)
and measured without the epoxy layer (effective). Peel plies obtained from TELAC,
MIT [29]
Laminate Peel Ply Actual Effective
[±20]6sym yellow 3.00 2.95
[+20]sym yellow 0.55 0.49
[0/90]sym white 0.50 0.50
The measured thickness before the removal of the epoxy layer (actual) and after the
removal of the epoxy layer (effective) for the three coupon layups is shown in Table 6.2. A
fine grit sand paper was used to remove the epoxy layer. Of the three cures performed, the
two that used the yellow peel ply (obtained from TELAC, MIT [29]) had an epoxy thickness
layer of 0.05mm (for both sides) and the cure that used the white peel ply did not have
124
Property AS4/3501-6
E1 (GPa) 143.0
E2 (GPa) 9.81
V/12 0.3
G 12 (GPa) 6.0
Ply thickness (mm) .134
Density (M) 1580
an extra epoxy layer. The laminates that were cured with the white peel ply have a glossy
luster while the laminates cured with the yellow peel ply have a dull surface finish, which
becomes shiny after the epoxy layer is removed.
Although a thickness difference of 0.05mm may not seem important, the calculation of
bending stiffness is a function of the cube of the laminate thickness. Therefore, the effective
thickness is used for all of the coupon types, Coupon A [0/90]6sym, Coupon B [0/90]sym,
and Coupon C [0/90]sym for predicting laminate response.
Eliminating the epoxy layer by a thickness reduction incorrectly reduces the mass of the
beam. The lost mass of the epoxy is included in the model by increasing the density, which
is termed the effective density.
m
Pact (6.1)
Vact
Pef m (6.2)
Vef
where p is density, m is mass, V is volume, and the subscripts act and eff refer to the use of
actual and effective thickness, respectively. Assuming a constant value of mass, the effective
density can be found,
Vact tact
Pef VaefftPact = t Pact (6.3)
where t is the thickness of the specimen. Thus the density is increased in proportion to the
ratio of thickness decrease.
6.3 Modeling Piezoelectric Actuation
With the composite material's natural frequencies adequately modeled, the level of piezo-
electric actuation is refined. Piezoelectric actuation is modeled in NASTRAN/PATRAN
by using a temperature analogy, d31E = adT, where a is the coefficient of thermal ex-
pansion, AT is the temperature difference, and E and therefore AT is time-varying. Since
the applied electric field, E, is known, actuation predictions depend on the accuracy of the
value of d31.
As discussed in Chapter 4.4.2, the piezoelectric actuators are nonlinear; d31 varies with
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the level of piezoelectrically-actuated strain. Figure 4-7 shows the experimentally measured
relation between piezoelectrically-actuated strain and d31 . However, without knowing the
resulting actuated strain, the correct value of d31 cannot be found, which is necessary for
predicting actuation strain. Thus an iterative solution must be adopted. A value of d31
is chosen, usually the manufacturer's low field value, and the resulting piezoelectrically-
actuated strain is found using the finite element coupon model. The strain result is used
with Figure 4-7 to update to a new d31 value, and the process is repeated until conver-
gence. Iteration of the commercial finite element package NASTRAN/PATRAN is difficult
to automate and could potentially lead to large computational costs. Fortunately, however,
convergence of d31 using NASTRAN/PATRAN is reached in all cases in just five or six
iterations, as illustrated in Table 6.3.
Table 6.3: Iterations to converge to d 31
6.4 Modeling Results
The finite element model of the Benchtop Actuation Test adequately predicted the experi-
mental transfer functions between applied voltage and tip displacement. Figure 6-4 shows
the predicted and measured values for Coupon B [+20]sym and Coupon C [0/90]sym, and
Figure 6-5 shows the values for Coupon A [±20]6sym.
The basic shape of the transfer functions is successfully captured. However, the natural
frequency peaks are over predicted by 10-15% for all of the specimens. Since the exper-
imental and modeled result ratios between the first and the second peaks for the coupon
types B and C are equivalent ( for Figure 6-4(b), data 245/73 m model 261/81 ? 3 ), the
dynamics of the system can be inferred to be correctly modeled. The cause of the offset is
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d31 Piezo-induced
Iteration (10-12) Strain (pe)/mboxV Strain_(_)
1 171 83.5
2 258 125.7
3 285 138.9
4 292 142.4
5 294 144.1
6 295 144.1
attributed to a consistant error such as an incorrectly clamped boundary condition or the
use of incorrect material properties, effects which soften the system. Although damping
was not included in the model, its effects are too small to explain the differences between
the model and the experiment.
Despite that, all of the actuation predictions, compared at zero frequency or static offset,
with the possible exception of the Coupon type B, Compressed, correlate very well with
experiments.
6.5 Summary
The purpose of the finite element model of the Benchtop Actuation Test is to identify
modeling considerations for the composite spars and the piezoelectric actuation for use in
the Active Rotor finite element model of Chapter 2.4. Two modeling considerations, not
included in the original model, were identified. The manufacturing cure process of composite
materials coats the surface of the specimens with a thin layer of epoxy, which introduces
a thickness without an appropriate stiffness. Using a thickness reduction to eliminate the
stiffness associated with the excess epoxy layer and increasing the density to avoid mass
loss better predicts natural frequencies. However, even after the thickness reduction, the
natural frequencies were consistently over predicted by 10-15%. The experimental boundary
conditions require further investigations. Finally, the transverse piezoelectric actuation
value, d31 is a function of the final piezoelectrically-induced strain, and the correct value of
d3 1 must be obtained by iteration in conjunction with an experimentally measured d31 -strain
relation. Applying these new modeling considerations to the Active Rotor finite element
model will improve the quality of its predictions.
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Figure 6-4: Finite element model and experimental comparison of transfer functions for coupon
type B [± 2 0]sym and coupon type C [0/90]sym
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Figure 6-5: Finite element model and experimental comparison of transfer functions for coupon
type A [±20]6sym
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Chapter 7
Conclusions and Recommendations
7.1 Summary
The progression of jet engines towards longer lives, higher thrusts, and lower aspect ratio
blades gives damaging blade vibrations an increasing importance. Of particular concern is
flutter, a dynamic instability caused by interactions between the air flow and elastic blades.
Currently, the method of flutter prediction relies heavily on experimentation, and without
a firm understanding of what physical mechanisms influence flutter, there is no way of
knowing if a flutter boundary lurks just outside of a tested region. Finding these elusive
physical mechanisms relies heavily on a large database of information, one that has been
historically difficult to obtain.
The Active Rotor is a proposed tool to directly measure the unsteady aerodynamic
response of a transonic compressor. By controlling the shape and motion of a compressor
blade, many engine parameters thought to be relevant to flutter can be systematically inves-
tigated. Two requirements necessary for experimentally investigating flutter were defined:
each of 30 blades of a compressor stage must be individually controlled, and each blade
must be capable of 1° of tip rotation over a large range of frequencies (300 to 1000 Hz).
Piezoelectric ceramics were chosen as the actuator because of ease of sending electrical
signals to a rotating environment, and having the desired bandwidth available. However,
piezoceramics lack the power to deform a typical metal engine blade, and a spar and shell
concept was adopted. Matching the shape of the compressor blade to an existing industrial
blade (in this case the scaled GE Fan C blade), the Active Rotor will be made out of a
foam with low torsional stiffness, supported with two structural spars, and actuated with
131
piezoceramics attached at the base of the spars. The foam shell keeps an aerodynamic
surface to match that of the industrial blade, and the piezoceramics actuate the two spars
in opposing bending modes such that the blade twists.
A design study was performed to choose several of the material and geometrical prop-
erties of the Active Rotor. Using a simple model based on centrifugal loading, the stress
to failure of different materials was compared. Graphite-epoxy was the only material that
could support itself, the foam shell, and the piezoceramics without failure, and was con-
sequently chosen as the spar material. The spars were chosen to be linearly tapered and
oriented as much along the axis of rotation as possible. Thus the spars are not parallel
to the blade sides. A finite element model was built with the design study parameters
to calculate the stress in the composite spars, the level of tip rotation possible, and the
strains seen by the piezoceramic under full centrifugal loads. The stresses and actuation
are within requirements, but the piezoceramic is predicted to experience strains around its
failure strain of 2000 pE.
Precompressing the piezoceramics was expected to extend the strain to failure by the
amount of precompressed strain. A requirement was set to 1000 pe precompression. Two
methods of precompression are analyzed and discussed. The first method of precompression
embeds a piezoceramic within the composite plies such that the residual thermal strains
resulting from the curing of the composite will place the piezoceramic under stress. The
amount and direction of stress the piezoceramic experiences depend on the relative co-
efficient of thermal expansion values between the piezoceramic and the composite. The
coefficient of thermal expansion of the composite plies differs greatly from the fiber direc-
tion to the matrix direction. Classical Laminated Plate Theory was used to determine the
rotation angle of the plies to achieve 1000 pE precompression on the piezoceramics. Al-
though the precompression requirement of the piezoceramics could be reached, the fiber
angles were rotated too far to maintain the necessary strength. Precompression by embed-
ding piezoceramics in composites was abandoned. The second method of precompression is
to surface bond the piezoceramic while in placed with external compression. The precom-
pression is achieved by electrically actuation of the piezoceramics. Once the bond is cured,
the external compression is released and the glue bond hold the precompression. A elastic
perfectly-plastic shear lag analysis predicted that for sufficiently thick bonding layers (near
.0254mm or 1 mil), the piezoceramic is expected to stay attached to the composite structure
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under the large centrifugal loads.
Three coupon types were manufactured to address several testing goals. The composite
layups are [±20]6sym, [±20]sym, [0/90]sym, and have top and bottom bonded piezoceramics.
Half of the coupons were manufactured with precompressed piezoceramics and the other
half were manufactured with uncompressed piezoceramics. Piezoelectric nonlinearities were
observed to be a function of the piezoelectrically-induced strain and the level of applied
mechanical stress. Methods of prediction and motivation for testing were discussed.
The goals of the four experimental tests are to characterize the bond layer and the piezo-
electric actuation. The dynamic and static creep tests showed that the glue bond holds the
precompression on the piezoceramics with negligible loss. Benchtop actuation was per-
formed to obtain the transfer functions between the frequency of applied voltage and tip
deflection of a cantilevered beam that was later used as data for finite element model de-
velopment. Tensile tests showed the strain to failure of the piezoceramics was much higher
than expected (at least twice). The Actuation Under Loading test measured the piezo-
electric actuation as a function of applied mechanical loading. The piezoceramic actuation
properties showed a "hump". The properties increased under tension and then began to
decrease. The strength of the piezoceramic was again much higher than expected (no piezo-
ceramics even nearing twice their failure strain). The strength increase is attributed to the
Kapton epoxy layer that coats the piezoceramic surface. The results for the precompressed
specimen was not shifted by the amount of precompression, as was expected, but by a much
less value. It is theorized that the biaxial stress states caused from the composites Poisson's
ratios overwhelmed the effects of precompression.
A NASTRAN/PATRAN finite element model was developed to model the Benchtop Ac-
tuation experimental results. The nominal composite properties were used with a thickness
reduction to account for the extra surface epoxy layer. The level of piezoelectric actuation
was reached by iterating between the piezoelectrically-induced strain and the value of d31 .
The natural frequencies for all of the specimens were over predicted by 10-15%. The reason
for this over prediction is supposed to be due to the boundary conditions created in the
experiment. The predicted level of actuation correlated well with the experimental results.
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7.2 Conclusions
A new flutter diagnostic tool, the Active Rotor, is evaluated in this thesis. The large cen-
trifugal loads on the Active Rotor Blade require a low density and high strength spar mate-
rial. Since aluminum and titanium spars are predicted to fail, graphite-epoxy AS4/3506-1
is chosen as the spar material. Results from the finite element model of the Active Rotor
Blade predict the available actuation to be within acceptable ranges, but the piezoceramic
strains to be near the ultimate. Precompression is chosen to protect the piezoceramics
at high strain levels and two methods are investigated. The residual thermal strains pro-
duced during the cure of a piezoceramic embedded within a graphite-epoxy laminate is not
predicted to produce the desired level of precompression while maintaining the necessary
strength. Thus, a surface bonding precompression approach is adopted.
The piezoceramics are packaged between two copper-coated Kapton films for thin, flexi-
ble, electrical connections that satisfy the Active Rotor geometrical constraints. The piezo-
ceramics are bonded with a compressive strain (applied electrically) to the composite spars
such that the cured bond layer holds the precompression. Creep experiments show the bond
layer capable of holding the precompression on the piezoceramics. Applied tensile strains
below the failure strain increase piezoelectric actuation, which indicates an improvement of
actuation can be optained at operating conditions. The piezoceramics sustained strains at
twice the failure strain without visible structural failure, which is attributed to the Kapton
packaging. Although the actuation decreases when the piezoceramics are strained beyond
their failure strains, the decrease is within acceptable levels. Further, results indicate that
biaxial loads have more influence on piezoelectric actuation than precompression. The
current experiments indicate that the precompression may not be required to protect the
piezoceramics. However, the level of precompression may be used to tailor the maximum
piezoelectric performance to occur at the operating tensile load. More testing is needed to
complete the piezoelectric actuation characterization under the loading conditions of the
Active Rotor. The finite element dynamic response predictions of the coupons correlate well
with the level of actuation and capture the basic trend of the transfer functions, although
the analysis is consistently 10-15% larger than measured results.
Preliminary testing and analysis give encouraging results for the proposed Active Rotor
Blade concept and the use of piezoelectric actuators under its high g-field environment.
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7.3 Recommendations
The Actuation Under Loading test, which experimentally measures the piezoelectric au-
thority as a function of applied load, is an important test. Knowing how the piezoceramics
react under loads similar to the loads of the Active Rotor is invaluable in prediction of
the Active Rotor response. The piezoelectric conditions under biaxial compression, biaxial
release of compression, and biaxial tensile loads are, however, not abundant in the litera-
ture. By testing more samples, there will be a larger base of information from which to
draw conclusions regarding the use of piezoceramics under the specific loading conditions.
Further, to understand the effects of the biaxial loads, a third composite layup should be
tested, one which matches the Poisson's ratio of the piezoceramic (v=.3). With very little
biaxial stress, these results can be compared to the uniaxial compressive data found in the
literature. A better understanding of how these results differ from previous tests can be
reached.
The finite element model developments undertaken for the Benchtop Actuation test
should be applied to the conceptual finite element model used in Chapter 2.4. The lessons
learned from the Benchtop Actuation modeling are to use solids for each ply, an effec-
tive thickness without the extra epoxy layer thickness, and to iterate the piezoelectrically-
induced actuation strain results with a d3 1-strain relation until convergence.
Once the experimental response of piezoceramics under loads are known and an updated
model of the Active Rotor is available, then the loads produced in the Actuation Under
Loading test can be used in the model to get an accurate prediction of tip rotation.
Although this thesis focuses on the use of piezoelectric actuators, there are additional
areas of the Active Rotor currently in need of research. The connection between the Active
Rotor Blade and the hub is made by the composite spar root attachment. Although the
use of composite blades is new to the engine companies, the GE 90 Fan blades are com-
posed partially of composites, and have a composite root attachment. Some of the aspects
developed for the GE 90 can be applied to the Active Rotor Blade. The layers of the blade
split at the root and are bonded around a core material, but the fibers do not wrap com-
pletely around the core material, which end at the base. To reduce thermal effects during
bonding of the composite spar to the core, the core material was chosen to be made of solid
graphite-epoxy. Prototype root attachments have already been manufactured using a steel
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core, which has a similar coefficient of thermal expansion to graphite-epoxy. The strength
tests need to be performed to assess the current design of the root attachment.
The material for the outer foam shell, Rohacell 200, has shown the ability to thermoform
to complicated shapes. However, the bonding of the shell and the composite spars has not
been addressed. Two options include direct bonding as well as the use of film adhesive.
Strength and stiffness tests are necessary to characterize the elastic nature of the Active
Rotor.
A in-vacuum spin rig is currently being designed and built at MIT. Testing the blade in
a rotating environment without aerodynamic loads is a first step to understanding the blade
response to centrifugal loads and the actuation possible from the piezoelectric actuators.
Testing is expected to continue to rotating rigs in air, the last stage in the development
process. The Active Rotor, once built, is expected to be an invaluable research tool for the
identification and characterization of turbomachinary flutter.
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